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Chapter 1

Introduction

There is enough room at the bottom.

- Richard P. Feynman

1.1 What are clusters?

From the time of John Dalton, when the idea of atoms as building blocks of matter became

generally accepted, there have been two distinct strands in the study of materials : on

one hand one looks at molecules and atoms and then look downward leading to nuclear

and particle physics, on the other hand one can also study the many body problem of

interacting atoms and electrons, as many as ∼ O(1022) (in principle treated as infinitely

many). Between these two extreme limits are clusters of a few atoms. The effort now

is to bridge this gap and understand how atomic properties cross-over to those of bulk

solids made out of those atoms.

Since late 1970’s interest in the study of what have come to be called clusters has

grown exponentially. This is because of two reasons : first, the need to understand how

properties change in this reduced dimension from a fundamental physics point of view,

and second, the knowledge of how one can manipulate these properties to obtain materials

for specific applications in the modern and future technologies.

Clusters are generally aggregates of atoms and molecules intermediate in size be-

tween the bulk matter and the individual atoms and molecules. Clusters can be classified

1
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as small, medium-sized and large depending upon the number of constituent atoms or

molecules. Small clusters are those whose “properties” vary abruptly as we change their

sizes and shapes. So that we cannot assign a smooth variation of their properties as a

function of size. If, on the other hand, these “properties” vary relatively smoothly with

the number of component atoms, nevertheless showing significant finite size effects, then

those clusters are called medium-sized or large. Clusters can be homogeneous, that is,

made of one kind of atom or molecule or can be heterogeneous, that is, composed of more

than one kind.

The properties of the clusters differ considerably from both bulk and individual atoms

or molecules [1, 2]. As compared to bulk materials, clusters have a very large surface to

bulk volume ratio, i.e. a large fraction of the constituent particles lie on the surface .

This makes surface chemistry extremely important in determining their properties. On

the other hand molecules are characterized by definite composition and structure and

clusters differ in both. Clusters may be composed of any number of atoms or molecules.

The “most stable structure” depends upon the number of particles into it. However,

it is possible to have many stable local structures for a particular sized cluster within

very small energy window from the most stable or the ground state structure and these

are called as ‘isomers’. The number of isomers increases very rapidly with the number

of atoms constituting the clusters. Consequently, the number of local minima in the

potential energy surface increases exponentially with the number of atoms in the cluster.

Not only the structure, but most of the properties like binding energy, relative stability,

energy level spacing, magnetism and bonding also depend sharply on the number of atoms

constituting the cluster.

1.2 Why are clusters interesting?

Cluster science is currently one of the most active and evolving fields of research in both

physics and chemistry and attracts attention from both the basic scientific viewpoint

and also from the viewpoint of their potential technological applications. As mentioned

earlier, these systems bridge the domains of atomic and molecular physics on one hand

and condensed matter physics on the other. Their properties are dominated by their large
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surface-to-volume ratio, providing a unique opportunity for us to study the interplay

between surface and volume effects. Clusters exhibit discrete spectroscopy because of

their finite size. Here we enumerate some of the specific questions which have been under

investigation from the fundamental view point.

• How are cluster properties influenced by electron delocalization? Quantum me-

chanical degrees of freedom give rise to the shell structure and magic numbers in

clusters similar to nuclei. The insulator-metal transition is an aspect which can be

studied in these systems. Although we have to be careful how we define metallicity

or otherwise in a finite system. One way is to check whether the HOMO (highest

occupied molecular orbital) in the ground state is partially filled or fully occupied

with electrons. In fact, in clusters one sees a richer behavior, with the shells orga-

nized into super-shells. Moreover, in metal and semiconductor clusters the electronic

shell structure and geometric shell structure compete to determine the shape and

stability. Shell effects may be pronounced in the ionization potentials of metallic

clusters.

• What determines the cluster geometry? The existence of spherical shells in alkali

metal clusters proves that the electron delocalization can be crucial, forcing near-

spherical geometric shapes at specific electron numbers. There are many other

possibilities as well. For Lennard-Jones systems such as the noble gas (Ar, Xe, etc.),

one see polyhedral shapes having highest symmetry possible in finite systems namely

icosahedra. The possibility of phase change into amorphous of clusters and and their

thermal stability is of interest. As are the ways of identifying critical parameters

that uniquely signal this phase change. Carbon clusters have an especially rich set

of shapes, including chains, rings, buckyballs, tubes and onions.

• What are the collective degrees of freedom and the elementary excitations of atomic

clusters ? In a system with delocalized electrons, at some frequencies the electrons

respond to an external field collectively like a plasmon resonance. The form of

electron-electron interaction is still a topic which needs further refinements. The

position and the line shape of the plasmon carry valuable information about the
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geometry, shape fluctuation, geometry of the packing and temperature of the cluster

and about the electron-ion coupling.

• What is the electron-ion interaction? The interaction of electronic degrees of free-

dom with geometric or vibrational degrees of freedom (phonons) is a subject of

tremendous interest. The alkali-doped fullerenes may provide the best examples

of BCS superconductors with the pairing driven by the intra-molecular vibrational

coupling.

• At this point it is obvious to ask, “How does magnetism behave in this ‘reduced’

dimension and how does it approach the bulk limit ?” Experiments show that the

magnetic behaviour differs considerably in this size regime from the corresponding

bulk behaviour. The magnetic properties of clusters reveal a series of interesting and

unexpected features such as non-monotonic dependence of magnetization on parti-

cle number or external field, strong magnetism in normally nonmagnetic elements.

Generally an enhancement in the magnetic moment has been observed, which can be

understood from the strong d-electron localization. This resulted from the reduced

atomic coordination in this finite system. However, the variation of the magnetic

moment with the size of the cluster (i.e. with the number of atoms in the cluster)

is not at all smooth for small clusters and gives interesting local structures. An-

other obvious question is, “At what size of the cluster do the magnetic properties

resembles the bulk behaviour?” The observed superparamagnetism of small mag-

netic clusters provides a new impetus to try to understand the coupling between

spin and other degrees of freedom. Previously, magnetic clusters were embedded in

a rare gas and their magnetism studied by electron spin resonance (ESR) technique,

for example. However, due to tremendous improvements in present day technology,

now it is possible to produce free standing clusters and measure their magnetic mo-

ment by the Stern-Gerlach experiment. Magnetism in finite systems is an interesting

and evolving field in cluster science, which include tremendous notions to the basic

sciences to the emerging new technology.

• Do we understand the notion of “ phase transitions” , which are thermodynamic or

bulk phenomena, when one shrinks the system to finite sized clusters ? Do finite
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sized materials “melt” ? In the case of magnetic clusters, do they have a Curie

temperature ? In this context one important question is : “In finite systems, what

is analogous to a second-order transition in bulk ?” Experimentally, there is indirect

evidence so far for some of these interesting aspects. Atomic and molecular clusters

provide tools for studying potential landscapes, the microscopic factors that lead

to either glass formation to ‘structure- seeking” or crystal formation and protein

formation.

• Cluster-cluster, atom-cluster and electron-cluster interactions are themes which

emerge both experimentally and theoretically.

• Interaction of cluster with external fields like strong laser fields, where the nonlinear

response of the system has to evaluated is an emerging field of interest.

• Quantum confinement as seen in quantum dots presents a plethora of very exciting

phenomena: exciton confinement, collective excitation, conductance fluctuations

etc. It seems that the studies of Coulomb clusters confined in an external potential

are also interesting for both theory and applications. The quantum systems with

the Coulomb interaction are electrons and holes in the quantum dots and wires. The

low dimensionality leads to a lot of new effects and allows to treat the transition

from cluster to bulk and cluster melting with larger assurance.

This list, along with many more, merely illustrates the richness of the field and its

tremendous potential. Since the properties of the clusters depend upon their size, it gives

us a wide opportunity to tailor their electronic, chemical, optical and magnetic properties

for use in emerging nanotechnologies. The chemical reactivity of metal clusters have

far-reaching consequences for catalysis. Small metal clusters provide both a large surface-

to-volume ratio and properties, such as activity, selectivity and stability, that have been

tailored to catalyze specific reactions. Electronic and optical properties of the clusters are

tailored for their particular use in e.g information storage, lasers whose properties can be

fine-tuned by the variation of cluster size. Metal clusters with closed electronic shell are

very stable and have been shown to have high potential to absorb hydrogen, which can

be used as building blocks for a new hydrogen storage material.
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Magnetic clusters and their self-organized assembly of surfaces can be employed in

the development of recording media. These magnetic particles should be magnetically

hard, i.e. they do not easily loose their magnetization direction once the external mag-

netic field is removed. On the other hand, soft magnetic nanoparticles open applications

in entirely different areas For example, combining biomolecules with a single magnetic

nanoparticles will initiate new advances in medical diagnostics, drug targeting or innova-

tive cancer therapies. The opportunity to deliberately control the movement of the mag-

netic nanoparticles together with the fact that magnetic fields penetrate human tissues

without impediment allow nanoparticles to carry and deliver packages, such as anticancer

drugs or radioactive atoms, to a targeted area. Additionally, magnetic nanoparticles re-

spond strongly to time-modulated magnetic fields, and hence enable dynamic methods

of cancer treatment, and they could be used to enhance the contrast in magnetic reso-

nance imaging. Finally, the viscoelastic architecture inside the living cells can be studied

by controlled positioning of magnetic nanoparticles into the internal skeleton of cells,

and following the response of the nanoparticles to dynamic magnetic fields. Magnetic

nanoparticles offer tremendous scientific possibilities and will offer more as this field ma-

tures. Gold nanoclusters have been studied with the short segment with DNA, which

could form the basis of an easy-to-read test to single out genetic sequences.

1.3 Transition metal clusters

1.3.1 Electronic configuration and bonding

The presence of the unfilled d shell in transition metal elements has a number of important

consequences. Because of different ways of arranging the electrons in the unfilled d shell

and the fact that the (n+1)s shell is almost isoenergetic with the nd shell, there are large

number of low lying excited electronic states possible. This is partly responsible for the

important chemical properties of the transition metals.

Morse [3] has pointed few important factors to be considered : the size of the (n+1)s

and nd orbitals and the (n+ 1)s2ndm → (n+ 1)s1ndm+1 promotion energy. The (n+ 1)s

orbitals are larger than the nd orbitals so the former have larger contribution to bonding.

The nd orbitals contract moving to the right in the periodic table and expand moving



Chapter 1. Introduction 7

down the periodic table. Thus nd contribution to the bonding is expected to be more

important for the second and third transition series than the first. The importance of the

(n+1)s2ndm → (n+1)s1ndm+1 promotion energy can be demonstrated by considering the

Mn2 dimer. Mn atom has half-field d and fully-filled s (4s2 3d5) electronic configuration.

Due to the stability of the half-filled d shell the 4s2 3d5 → 4s1 3d6 promotion is large,

namely 2.14 eV [4]. Its ground state is (4sσg)
2 (4sσ∗

u)
2 (3d)10 and the binding energy is

very low, varies between 0.10 ± 0.1 to 0.56 ± 0.26 eV [3, 5, 6, 7]. These are often called

van der Walls molecules and have zero formal bond order. The dissociation energy of the

Mn+
2 cation is rather large, namely 1.39 eV [8]. It has an electronic configuration (4sσg)

2

(4sσ∗
u)

1 (3d)10 and formal bond order 1/2. Therefore, this 1/2 bond appears to be worth

∼ 1 eV energy. Thus it is clear that Mn2 can not recoup the 2.14 eV promotion energy

from increased bonding and so it has a (4sσg)
2 (4sσ∗

u)
2 (3d)10 instead of (4sσg)

2 (4sσ∗
u)

1

(3d)11 configuration.

However, for other transition metals the promotion energies are generally much smaller

(for example it is 0.87 eV for Fe) and there is a delicate balance between the promotion

energy and the energy gain in increased bonding.

The nature and relative contribution of the nd orbitals to the bonding is not well

understood. Cu2 has an electronic configuration 3d10 3d10 4sσ2
g while Cu atom has a

4s1 3d10 configuration. However, it is necessary to consider the d electrons in order

to reproduce the correct equilibrium dissociation energy, bond length and vibrational

frequency. Correlation of the 3d electrons increases the calculated bond energy of Cu2 by

0.8 eV [9]. Correlation reduces the d − d repulsion and allow the atoms to move closer

forming a strong 4sσ2
g bond.

1.3.2 Shell effects and magic numbers: Cu, Ag and Au clusters

Cu, Ag and Au atoms lie at the end of the 3d, 4d and 5d periods, respectively, and are often

called noble metals. The d shell is filled with 10 electrons and the valence shell contains a

single s electron. This leads one to expect some similarities between small clusters of noble

metals and the clusters of alkali metals. Experiments for noble metal clusters (Cun, Agn

and Aun) indicate the existence of shell effects similar to those observed in alkali clusters
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[10, 11]. For example, the mass spectrum of Ag+n clusters obtained by bombarding the

metal with inert-gas ions show expected similarities with the alkali clusters. For small

clusters and odd-even alternation of the cluster intensities is observed, i.e the intensity of

the odd-N clusters is greater than the intensity of even-N clusters. On the other hand a

steep drop in the cluster intensities occur at N = 3, 9, 21, 35, 41 and 59. The reason for

both this observation is similar to those in alkali clusters. Therefore, the mass spectrum

reflects the relative stabilities of charged clusters in which the number of electrons, which

take part in the bonding, is N − 1. This reflects that a cluster with 2, 8, 20, 34, 40, 58

... electrons are relatively more stable than the others i.e the electronic shell is closed for

these number of electrons. This is known as electronic ‘magic numbers’. Mass spectra of

Cu+
n and Au+

n also show the same magic numbers. Furthermore, the negatively charged

clusters, Cu−
n , Ag

−
n and Au−

n , have magic number corresponding to N = 7, 19, 33, 39, 57,

... , which again have a total 8, 20, 34, 40, 58 electrons. Winter et al. [12] have measured

the mass spectrum of Cu clusters generated by laser vaporization of copper and these have

passed through a flow tube reactor with O2 and found that the Cu20, Cu34, Cu40, Cu58 and

Cu92 are nonreactive toward O2. This lack of reactivity is attributed to the corresponding

electronic shell closing leading to greater stability of these clusters. Measurements of

ionization potential of Cu clusters show an expected drop at the electronic shell closing

[13]. Moreover, the photo-electron threshold should reflect the shell effects. Indeed, the

measured photo-detachment-energies of Ag−n [14] and Cu−
n [15, 16] show drops between

N= 7 and 8 and between N=19 and 20, which again reflects the shell closing.1

1.3.3 Magnetic properties

What has been observed experimentally?

Magnetic properties of transition-metal clusters are very fascinating and unique; and

the search for it largely motivated by the fundamental question,“ How do the magnetic

properties behave in reduced dimension and how they evolve toward the bulk limit as size

increases. Here in this section we concentrate on the internal magnetic structure. Several

unexpected magnetic behaviours have already been observed in transition metal clusters:

1All these would be largely discussed in the Chapter 3.
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Figure 1.1: (Left) Size dependence of the magnetic moment per atom of Rhodium

cluster in the size range N ≤ 100. The magnetic moment decreases with the

cluster size and approaches toward zero, the bulk value for N ≥ 60. (Right) The

same has been plotted for the size range Rh9 - Rh34. The Rh15, Rh16 and Rh19

exhibit anomalously large magnetic moment. Adopted from Cox et al. (Ref.

[17]).

1. Non-zero magnetic moment in the clusters of nonmagnetic bulk material. For ex-

ample, Cox and co-workers found that the bare rhodium clusters display non-zero

magnetic moment for sizes less than 60 atoms [17]. This is an indication of either

ferromagnetic or ferrimagnetic ordering even though the bulk rhodium is a Pauli

paramagnet at all temperature Fig.1.1 shows that Rhn clusters have strong size de-

pendent magnetism The magnetic moment per atom decreases as the cluster size

increases and become non-magnetic above sizes of 60 atoms or more [17].

2. Enhancement of magnetic moment in the clusters which is already ferromagnetic in

bulk. For example, Fen clusters [18], it was found that the magnetic moment per

atom is larger than the bulk value and oscillates with the size of the cluster, slowly

approaching its bulk value (2.2 µB/atom) as the number of Fe atoms in the cluster

increases. This has been shown in the Figure 1.2. Earlier Bloomfield and co-workers

[19, 20] and de Heer group [21], and very recently, Knickelbein [22] and Xu et al.

[23] found that the magnetic moment of free Co clusters are larger than 2 µB/atom

in the size range N ≤ 200, which is larger than its bulk value (1.71 µB/atom [24]).

It is observed that the magnetic moment per atom increases from 2 µB/atom for

Co12 and reaches a maximum for Co34 followed by a general decrease (Figure 1.2),
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with weak oscillations, to 2 µB for N = 150.

Figure 1.2: (Left) Size dependence of the magnetic moment per atom of Fen
cluster (n < 100). The magnetic moment decreases with the cluster size and

approaches toward zero, the bulk value for N ≥ 60. Adopted from Billas et al.

[18]. (Right) Plot of magnetic moment per atom for Con clusters in the size

range 12 ≤ n ≤ 200. Adopted from Xu et al. [23]

3. Finite magnetic moment observed in the atomic clusters which are antiferromag-

netic as bulk. For example,the Crn [25]and Mnn [26, 27] clusters have shown such

behaviour. It has been found that Crn clusters have magnetic moment 0.5-1 µB

per atom. Very recently, Knickelbein observed, Mn5 - Mn99 clusters posses finite

magnetic moment. Whereas, the most stable α-Mn exhibits a complex antiferro-

magnetic order below the Néel temperature of 95 K and is nonmagnetic at room

temperature. The size dependent magnetic behaviour is shown in the Figure 1.3.

Therefore, in general, the magnetic moments in these finite clusters are enhanced

compared to their bulk values. This can be understood from the fact that due to low

coordination the d-electrons are more localized. However, in all cases, the variation of

magnetic moment is not a smooth function of cluster size giving rise to unique local

structures to the size dependence of magnetic moments. For example, Mnn clusters [26,

27] show relative decrease in their magnetic moment at n=13 and 19. Generally the

uncertainty in the measurement decreases as the number of atoms in the cluster increase

as the cluster production efficiency increases with the size. However, the uncertainty in
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Cluster Size N Cluster Size  N

Figure 1.3: (Left) Plot of magnetic moment per atom as a function of cluster size

N for manganese cluster for the size range 11 ≤ N ≤ 100. (Right) The same has

been plotted for the size range 5-22. Both of the figures are after Knickelbein

(Ref. [26] and Ref. [27])

the measured magnetic moment is very high (± 58% of the measured value) for Mn7

cluster [27]. All these will be discussed in the Chapter 4.

How is the magnetic moment measured experimentally?

For all the results discussed, the magnetic moments of the free clusters have been measured

through the Stern-Gerlach experiment. A schematic diagram of the experiment is shown

in the Figure 1.4. Metal clusters are produced in a laser vaporization cluster source, leave

the source in a supersonic expansion of helium gas and form a cluster beam. This cluster

beam passes through a series of collimating slits and a rotating beam chopper before

entering the gradient field magnet.

The beam chopper allows us to determine the cluster beam’s velocity and measure how

long the cluster resides inside the source’s growth region before entering the beam. Only

after residing for a long time in the source, the clusters come into the thermal equilibrium

with the source, and thereby one can control the cluster temperature by controlling the

source temperature. The temperature of the source, and so also the temperature of the

cluster, is controlled by a cryorefrigerator. We can control the cluster temperature over a

range ∼ 60 — 300 K. This temperature control is essential.

As they pass through the gradient magnet, the magnetic clusters experience transverse
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Figure 1.4: Schematic diagram of the Stern-Gerlach cluster beam experiment.

Adopted from Knickelbein (Ref. [27]).

forces and begin to deflect. This deflection continues until the cluster reaches the detection

region. There the clusters are photoionized by a narrowly collimated laser beam and

identified in time-of-flight mass spectrometer. The ionizing beam is scanned across the

cluster beam profile to determine the extent to which the clusters were deflected by the

magnetic field.

All the clusters deflect toward the strong field and each cluster profile is merely shifted

over, not broadened, indicating that the clusters of a single size deflect homogeneously

toward the high field side. This homogeneous, single sided deflection is the signature of

a relaxation process that causes the cluster to forget their initial conditions as it passes

through the magnet. This behaviour is known as superparamagnetism. Here the mea-

sured magnetic moment is actually the time-averaged projection of the true, internal

moment on the external magnetic field. In a small mono-domain particle, the thermal

energy can exceed the magnetocrystaline anisotropy energy and decouple the magnetic

moment’s orientation from that of the atomic lattice. The internal moment of such a

particle fluctuates rapidly in orientation, under thermal fluctuation. In the absence of

external magnetic field , all orientations of the magnetic moment are equally likely and

the magnetic moment is entirely masked at long time scales by thermal averaging process.
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Only in a strong magnetic field and at low temperatures, the internal magnetic mo-

ment of a superparamagnetic particle becomes apparent. When the interaction energy

between the internal magnetic moment and the external magnetic field becomes compara-

ble to the thermal energy, the time averaged magnetic moment begins to shift noticeably

toward alignment with the external field. This response is similar to the paramagnetic

behavior but because it involves the giant moment of the entire particle it is called super-

paramagnetism.

The measurement time of the cluster magnetic moment is much larger than the

nanosecond time scale of the thermal fluctuations, so we can observe only the time-

averaged of effective magnetic moment of a superparamagnetic cluster and not the in-

ternal moment itself. The effective magnetic moment per atom µeff is reduced from the

internal moment per atom µ by a factor of the Langevin function L:

µeff = µL
(
NµB

kBT

)
= µ

[
coth

(
NµB

kBT

)
− kBT

NµB

]
, (1.1)

where N is the number of atoms in the cluster, kB is the Boltzmann’s constant, T is

the temperature of the cluster and B the external magnetic field. Because the angular

momentum of an isolated cluster is conserved, rotational temperature doesn’t participate

in the thermal fluctuations. For a superparamagnetic cluster, the magnetic moment per

atom found by the experiment is a measure of the effective magnetic moment per atom

µeff .

At high magnetic field and low temperature, NµB/kBT << 1, and the equation

reduces to,

µeff ≃ Nµ2B

3kBT
(1.2)

Thus the effective magnetic moment per atom of a superparamagnetic cluster is pro-

portional to the square of the internal magnetic moment per atom µ and increases linearly

with the applied magnetic field B. Finally, one measures the effective magnetic moment

experimentally and uses the above equation to calculate the internal magnetic moment.
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1.4 How theory can help?

Cluster science is a fascinating subject for theoretical studies. It is possible to apply

the same quantum mechanical theoretical tools that are applied to studying molecules

We could use the ab initio variational methods such as density functional theory under

local density approximations to the exchange-correlation energy. One can apply gradi-

ent correction to this exchange-correlation. Recently, molecular dynamics based on the

pseudo-potential method within the density functional theory has been developed. In

Chapter 2, we would discuss these ab initio methods briefly.

We can use empirical potentials to study molecular dynamics of clusters. For example,

the Lennard-Jones potentials can describe the dynamics of the inert gas clusters. Likewise,

the Born- Mayer potentials for the short ranged Coulombic interaction or the exponential

short range potential describe well the dynamics of alkali clusters. For other cluster, the

approximations necessary are more subtle. For example embedded-atom potentials are

of one kind of approximation, effective potentials have been used for metal clusters. If

one can find a reliable form of the potential it would be easy to solve the simultaneous

equations of motion and to explore at least some of the properties. However, this kind of

semi-empirical potentials have their own limitations to describe certain properties.

Tight-binding molecular dynamics are also useful in describing the electronic proper-

ties and dynamics of the clusters. In this method, one can fit the tight-binding parameters

form ab initio or experimental results in the size range where the results are available and

then carry out tight-binding molecular dynamics to explore the cluster properties. This

method is computationally much less expensive as compared with the ab initio methods.

In the Chapter 2, we shall describe one such tight-binding molecular dynamics. This has

been applied to study the copper clusters and discussed in the Chapter 3.



Chapter 2

Theoretical background of electronic structure

calculations

2.1 Tight-Binding Molecular Dynamics

One of the simplest molecular dynamics extensively used is the empirical tight-binding

molecular dynamics (TBMD). The method started as a spin-off from the linear com-

bination of atomic orbitals (LCAO) method used by chemists to study molecules and

eventually crystallized into a localized basis set of representation. This could be Wannier

functions. Recently, the empiricity has been replaced by first-principles technique based

on the more sophisticated localized representation arising out of the NMTO method pro-

posed by Andersen and co-workers [28]. However, to our knowledge, a full molecular

dynamics based on the NMTO is yet to be developed.

As compared to the ab initio methods, the parametrized tight-binding Hamiltonian

reduces the computational cost dramatically and we can deal with really very large clus-

ters. However, the main problem with the semi-empirical TB methods has always been

the lack of transferability of its parameters. In this section we briefly describe the main

ingredients of this TB method. We have used this technique to study very large Cu

clusters, described in a following chapter.

The wave-function in this technique is expanded in a localized (tight-binding) basis :

|Ψk〉 =
∑

i

ckiν |φiν〉

where i may label an atomic site and ν other quantum labels. If this is substituted into

15
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the Schrödinger equation and premultiplied by |φjµ〉 to get :

∑

i

ckiν [〈φjµ|Hφiν〉 − ǫk〈φjµ|φiν〉] = 0

These set of equations have a unique solution if the secular equation holds :

det ‖ 〈φjµ|H|φiν〉 − ǫk〈φjµ|φiν〉 ‖ = 0

In the TBMD method, first we construct the TB Hamiltonian from which the elec-

tronic eigenstates and the corresponding eigenvalues are calculated. This includes efficient

scaling scheme for the Slater-Koster (SK) TB matrix elements to ensure satisfactory trans-

ferability. In the subsequent step we calculate the total energy of the cluster and then

use the Helmann-Feynmann theorem to calculate the forces acting on each atom of the

cluster and then we use classical Newtonian equation of motion to find out the ‘global’

minima.

In this TB scheme the total energy E is written as a sum,

E = Eel + Erep + Ebond. (2.1)

Eel is the sum of the one-electron energies for the occupied states ǫk,

Eel =
∑

k

fkǫk, (2.2)

where fk is 0 or 1 according to whether the state labeled by k is occupied or not and the

energy eigenvalues ǫk are calculated from the secular equation.

The single particle wave functions |Ψk〉 are cast as a linear combination of a minimum

basis set, e/g/ for transition metal clusters ν = s, px, py, pz, dxy, dyz, dzx, dx2−y2 , d3z2−r2

The TB Hamiltonian H is constructed within the Slater-Koster scheme [29], where the

diagonal matrix elements are taken to be configuration independent and the off-diagonal

matrix elements are taken to have Slater-Koster type angular dependence with respect

to the inter-atomic separation vector r and scaled exponentially with the inter-atomic

separation r:

Vλ,λ′
,µ = Vλ,λ′

,µ(d)S(l,m, n)exp[−α(r − d)], (2.3)
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where d is the equilibrium bond length of the material we are concern with in the bulk

phase, S(l,m, n) is the Slater-Koster type function of the direction cosines l,m, n of the

separation vector r and α is an adjustable parameter (= 2/d) [30].

The Hamiltonian parameters are determined from the dimensionless universal param-

eters ηλ,λ′ ,µ [31],

Vλ,λ′
,µ(d) = ηλ,λ′

,µ

(
h̄2rτd
mdτ+2

)
, (2.4)

Where rd is characteristic length for the transition metal and the parameter τ = 0 for

s− s, s− p and p− p interactions, τ = 3/2 for s− d and p− d interactions and τ = 3 for

d− d interaction.

The repulsive energy Erep is described by a sum of short-ranged repulsive pair poten-

tials, φij, which scaled exponentially with inter-atomic distance,

Erep =
∑

i

∑

j(>i)

φij(rij)

=
∑

i

∑

j(>i)

φ0exp[−β(rij − d)], (2.5)

where rij is the separation between the atom i and j and β(= 4α) is a parameter. Erep

contains ion-ion repulsive interaction and correction to the double counting of the electron-

electron repulsion present in Eel. The value of φ0 is fitted to reproduce the correct

experimental bond length of the dimer.

The first two terms of the total energy are not sufficient to exactly reproduce cohesive

energies of dimers through bulk structures. Tomaǹek and Schluter [32] introduced a coor-

dination dependent correction term, Ebond, to the total energy, which does not contribute

to the force, it is added to the total energy after the relaxation has been achieved. How-

ever, for the metal clusters, this correction term is significant in distinguishing various

isomers for a given cluster [30].

Ebond = −n
[
a
(
nb

n

)2

+ b
(
nb

n

)
+ c

]
, (2.6)

where n and nb are the number of atoms and total number of bonds of the cluster,

respectively. Number of bonds nb are evaluated by summing over all bonds according to
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a cut-off distance rc and bond length

nb =
∑

i

[
exp

(
rij − rc

△

)
+ 1

]−1

. (2.7)

The parameters a, b and c in the equation 2.6 are then calculated by fitting the

coordination dependent term, Ebond, to the ab initio results for three small clusters of

different sizes according to the following equation

Ebond = Eab initio − Eel − Erep. (2.8)

Thus we have four parameters φ0, a, b, and c in this TB model. These parameters are

once calculated for small clusters to reproduce known results (whatever experimental or

theoretical) and then kept fixed for other arbitrary size cluster.

In molecular dynamics scheme the trajectories {Rj(t)} of the ions are determined by

the potential energy surface E[{Rj(t)}] corresponding to the total energy of the electronic

system. The force acting on the i-th ion is thus given by,

Fi = −∇Ri
E[{Rj}]

= −∇Ri

[∑

k

〈Ψk|H|Ψk〉+ Erep

]
(2.9)

This equation can be further simplified by making use of the Hellmann-Feynman [33]

theorem:

Fi = −
∑

k

〈Ψk |∇Ri
H|Ψk〉 − ∇Ri

Erep. (2.10)

The second term in the above equation is the short-ranged repulsive force. We should

note that Pulay correction term does not play any role in any semi-empirical TBMD. Pulay

terms appear when the basis set itself changes as we move the ions. In the TBMD we

work with a fixed basis set. Moreover, in the TBMD we directly compute the derivative of

the TB Hamiltonian matrix element and the basis wave functions never appear explicitly,

rather they are implicitly contained in the fitted matrix entries.

The motion of the ions follow a classical behaviour and is governed by the Newton’s

law :

m
d2Ri

dt2
= Fi, (2.11)
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where m is the atomic mass.

For numerical simulation of Newtonian dynamics, we use the velocity Verlet molecular

dynamics method [34] for updating the atomic coordinates, which is given by,

Ri(t+ δt) = Ri(t) +Vi(t)δt+
1

2m
Fi(t)(δt)

2, (2.12)

where the velocity Vi of the ith atom at t+ δt is calculated from Fi at t and t+ δt as

Vi(t+ δt) = Vi(t) +
1

2m
[Fi(t) + Fi(t+ δt)]δt. (2.13)

At this stage one carry out either dissipative dynamics or free dynamics with feedback

[35]. The reason for this is as follows : for numerical integration of Newton’s equations

we have to choose a finite time-step δt. Ideally this should be as small as possible, but

that would require an excessively long time for locating the global minimum. However,

a large choice of δt leads to unphysical heating up of the system, leading to instability.

Dissipative dynamics has been suggested as a way of overcoming this. We add a small

extra friction term carefully F ⇒ F − γmṘ [30]. In the present calculation γm = 0.32

amu/psec, and the time step δt is taken to be 1 fsec and the total time for molecular

dynamics simulation is ∼ 100 - 200 psec, depending upon the cluster size and initial

cluster configuration with the several annealing schedule. Methfessel and Schilfgaarde

[35] have also used an alternative technique of free dynamics with feedback to overcome

the above difficulty.

The results of the molecular dynamics may depend sensitively on the starting con-

figuration chosen. The final equilibrium configurations often correspond to local minima

of the total energy surface and are metastable states. For the smaller clusters simulated

annealing can lead to the global minimum. We have found the global minimum config-

urations of the smaller clusters by the simulated annealing technique. However, this is

often not the case for the larger clusters. Recently more sophisticated techniques like the

genetic algorithm has been proposed [36, 37, 38, 39].

2.2 The many-body problem

One of the main problems with empirical molecular dynamics techniques is that the

parameters are, in general, not transferable from one environment to another. We have no
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a priori knowledge of how to modify them in different situations. We therefore, require to

develop, first principles technique methods of actually deriving a Hamiltonian for electrons

and ions in a full many-body system.

The Schrödinger equation is the starting point of any problem in the electronic struc-

ture of matter. The molecules, clusters or solids comprise of two kinds of electrons :

valence electrons which contribute to the chemical bonding and core electrons which are

tightly bound to the closed shell of the ions and which scarcely influence the properties

of materials. Now let us first set up the exact Hamiltonian for a system of N atoms with

w valence electrons each:

H =
N∑

i=1

P2
i

2Mi

+
N∑

k

p2
k

2mk

+
N∑

i,i′(>i)

(we)2

|Ri −Ri′ |
−

N∑

i=1

N∑

k=1

we2

|Ri − rk|
+

N∑

k,k′(>k)

e2

|rk − rk′ |

where i denote the ions and k denote the electrons. The above Hamiltonian is for N +N

interacting particles, where N = wN is the total number of valence electrons in the

system.

Now the mass of the ion is much larger than that of an electron (M >> m), so that the

frequency of the vibration of electrons is much larger than that of the ions (ωe >> ωion).

Therefore, the characteristic time scale associated with ionic is much larger than that

of the electrons (τion >> τe). We may then assume that in the short time τe during

which electrons change their state, the ions are fixed. This is the Born-Oppenheimer or

Adiabatic approximation. The wave function may then be written in a separable form

Φ({rk})Ψ({Ri}) and the Schrödinger equation becomes :




N∑

k

p2
k

2mk

+
N∑

i=1

N∑

k=1

we2

|Ri − rk|
+

N∑

k,k′(>k)

e2

|rk − rk′ |


Φ({rk}) = E({Ri})Φ({rk})

Once the electronic part is solved for a fixed position of ions, the ionic part may now

be obtained from :




N∑

i=1

P2
i

2Mi

+
N∑

i,i′(>i)

(we)2

|Ri −Ri′ |
+ E({Ri})


Ψ({Ri}) = EtotΨ({Ri})

The electronic contribution gives rise to an effective attractive potential between ions

which leads to bonding. The effective potential in which the ions move is then :



Chapter 2. Theoretical background of electronic structure calculation 21

V eff
NN =

N∑

i=1

N∑

k=1

we2

|Ri − rk|
+ E({Ri}

2.2.1 The Hartree-Fock Approximation

The difficulty with the solution of the reduced electronic problem lies in the interaction

between the individual electrons. This electron-electron interaction couples the electronic

degrees of freedom, which makes the problem an impossible task to solve. However, in

the absence of this electron-electron interaction, the many-body problem would decouple

into one-body problem, i.e. an electron moving in a given potential. We can rewrite the

electronic Hamiltonian as:

H = −
∑

k

h̄2

2mk

∇2
k +

∑

k

V (rk) +
∑

kk′

e2

|rk − rk′ |
=

∑

k

Hk +
∑

k,k′
Hkk′ . (2.14)

In the above equation the first two terms are single particle operator. Now in case if

we neglect the relatively strong electron-electron interaction then the solution would be

simple. In that case the wave function Φ of the corresponding Schrödinger equation
∑

kHkΦ = EΦ can be written as,

Φ(r1...rk...rN ) = ϕ1(r1)...ϕk(rk)...ϕN(rN). (2.15)

With E =
∑

k Ek, the Schrödinger equation reduces to sum of one-electron equation,
∑

kHkϕk(rk) =
∑

k Ekϕk(rk). However, the rather strong electron-electron interaction,

i.e. the two-body term in the Hamiltonian Hkk′ prevents this possibility. In the next step,

we therefore insert the function Φ(r1...rk...rN ) into the Schrödinger equation HΦ = EΦ

with H =
∑

kHk+
∑

kk′ Hkk′ and calculate the expectation value of energy, E = 〈Φ|H|Φ〉,
which has 〈ϕk|Hk|ϕk〉 and 〈ϕkk′ |Hkk′|ϕkk′〉 matrix elements and we assume that the ϕk

are normalized then,

E = 〈Φ|H|Φ〉 =
∑

k

〈ϕk|Hk|ϕk〉+
e2

2

∑

kk′

〈
ϕkϕk′

∣∣∣∣∣
1

|rk − rk′ |

∣∣∣∣∣ϕkϕk′

〉
. (2.16)
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This is the expectation value of E for an arbitrary ϕk. Now one could apply variational

principle to find out the best set of ϕk functions for the ground state which minimize the

energy E, i,e,

δ

[
E −

∑

k

Ek (〈ϕk|ϕk′〉 − 1)

]
= 0. (2.17)

Then we get,

〈δϕj|Hj|ϕj〉+
∑

k(>j)

〈
δϕjϕk

∣∣∣∣∣
e2

|rk − rj|

∣∣∣∣∣ϕjϕk

〉
− Ej〈δϕj|ϕj〉 = 0

(2.18)

As the above equation is valid for any variation 〈δϕj|, therefore ϕj satisfy the following

equation: 
− h̄2

2m
∇2 + V (r) +

∑

k(>j)

∫ |ϕk(r
′|2

r− r′| δr
′


ϕj(r) = Ejϕj(r) (2.19)

This is a single particle Schrödinger equation which is called the Hartree equation. This

describes an electron in an ionic potential field V (r) and interacting with all other electrons

via and average distribution of electron density. However, separating one electron out of

all and treating all other electrons as a smooth charge density is a crude approximation to

make. In the next step we therefore extend the expansion of Φ(r1...rk...rN ) by applying

the Pauli principle and the indistinguability of quantum particles. There are N ! possible

ways to distribute N electrons at the positions r1...rk...rN and due to indistinguability

of electrons all those possibilities are equally likely. So we use a sum of N ! such terms,

which includes all possible electron permutations. Moreover, to antisymmetries the total

wave function we introduce plus or minus sign with all such individual terms as the wave

function changes sign due to the interchange of any two electrons. Therefore, the form of

Φ can be better approximated by using Slater determinant:

Φ =
1√
N !

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

ϕ1(q1) · · · · · · · · · ϕN(q1)
...

...
...

...
...

...

ϕ1(qN) · · · · · · · · · ϕN(qN)

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

, (2.20)

where q are composite index for electronic coordinates and spin. Here we see that if the

two electrons are interchanged, two columns of the determinant are interchanged and Φ
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changes sign and if two electrons have same coordinate, two columns are same and the

wave function Φ vanishes.

With this form of wave function Φ, we again calculate the expectation value of energy

E as,

E = 〈Ψ|H|Ψ〉

=
∑

k

∫
ϕ∗
k(q1)Hkϕk(q1)dτ +

e2

2

∑

kk′

∫ |φk(q1)|2|ϕk′(q2)|2
|r1 − r2|

dτ1dτ2

− e2

2

∑

kk′

∫ ϕ∗
k(q1)ϕk(q2)ϕ

∗
k′(q2)ϕk′(q1)

|r1 − r2|
dτ1dτ2. (2.21)

In comparison with the Hartree equation now we have an extra term. This term has no

classical analogue and known as exchange interaction. Now following the similar method

used earlier we obtain,

[
h̄2

2m
∇2

1 + V (r1) + e2
∑

k′

∫ |ϕk′(q2)|2
|r1 − r2|

dτ2

]
ϕk(q1)− e2

∑

k′

∫ ϕ∗
k′(q2)ϕk(q2)

|r1 − r2|
dτ2ϕk′(q1)

=
∑

k′
λkk′ϕk′(q1) (2.22)

This equation is known as the Hartree-Fock equation.

2.3 Density functional theory

The pioneering work of Thomas and Fermi attempted to describe the many-body inter-

acting electronic problem in terms of the charge density alone. The Thomas-Fermi (TF)

approximation considers interacting electrons moving in an external potential v(r) and

provided a one-to-one implicit relation between v(r) and the electron density distribution

n(r):

n(r) = γ[µ− veff (r)]
3/2, (2.23)

where, γ =
1

3π2

(
2m

h̄2

)3/2

and veff = v(r) +
∫ n(r′)

|r − r′|dr.

Here µ is a r-independent chemical potential. The TF is expressed in terms of elec-

tron density n(r) and the Schrödinger equation is expressed in terms of wave function
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Ψ(r1, ...., rN ) and there was no established clear and strict connection between them.

This is quite useful in describing some qualitative features like total energies of atoms,

however, it do not lead to any chemical bonding, which is the question of chemistry and

material sciences.

2.3.1 The Hohenberg-Kohn formulation

The Hohenberg-Kohn theorem [40] describes the density n(r) as the basic variable. This

theorem states that the ground-state density n(r) of a bound system of interacting elec-

trons in an external potential v(r) determines this potential uniquely (up to an uninter-

esting additive term).

Consider the ground states of two N -electron systems characterised by the two ex-

ternal potentials (differing by more than an additive constants) v1(r) and v2(r) with

corresponding Hamiltonian:

H1 = T + U +
∑

i

vi(ri); H2 = T + U +
∑

i

v2(ri) (2.24)

where,T = −1

2

N∑

i

∇2
i and U =

1

2

∑

i 6=j

1

|ri − rj|
,

with the corresponding Schrödinger equation, H1Ψ1 = E1Ψ1 and H2Ψ2 = E2Ψ2 and we

assume that the two wave function Ψ1 and Ψ2 yield that same density as,

n(ri) = N
∫
Ψ∗(r1, r2, ...., rN )Ψ(r1, r2, ...., rN )dr2dr3....drN . (2.25)

Now,

E1 = 〈Ψ1|H1|Ψ1〉
< 〈Ψ2|H1|Ψ2〉
= 〈Ψ2|H2|Ψ2〉+ 〈Ψ2|H1 −H2|Ψ2〉
= E2 +

∫
drn(r) [v1(r)− v2(r)] . (2.26)

Now, similarly one could show that,

E2 ≤ E1

∫
drn(r) [v1(r)− v2(r)] . (2.27)
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Summation of the above two inequalities leads to the contradiction

E1 + E2 < E2 + E1 (2.28)

Hence the assumption of identical density arising from the two different external potentials

is wrong. Thus a given n(r) can only correspond to only one v(r) and since v(r) is fixed, the

Hamiltonian and hence the wave functions are also fixed by density n(r). Since the wave

function is a functional of density, the energy functional Ev[n] for a given external potential

v(r) is a unique functional of density. Later a more general proof of the Hohenberg-Kohn

theorem, independent of ground-state degeneracy was given by Levy.

2.3.2 The Hohenberg-Kohn variational theorem

Since Ψ is a functional of density n(r), the kinetic and interaction energies, therefore, also

a functional of n(r). Now an universanal functional can be defined,

F [n] = 〈Ψ|T + U |Ψ〉 , (2.29)

which is valid for any number of any number of particles and any external potential. Now,

for a given external potential v(r) the energy functional is,

Ev[n] =
∫
v(r)n(r)dr+ F [n]. (2.30)

The Hohenberg-Kohn variational theorem states that for every trial density function ntr(r)

that satisfies the conditions,
∫
ntr(r)dr = N and ntr(r) ≥ 0 for all r, the following in-

equality holds: E0 ≤ Ev[ntr]. Since E0 = Ev[n0], where n0 is the true ground-state

electron density, the true ground-state electron density minimizes the energy functional

Ev[ntr], just as the true normalized ground-state invention minimizes the eigenvalue in a

Schrödinger equation.

Consider that ntr satisfies the above states conditions,
∫
ntr(r)dr = N and ntr(r) ≥ 0

for all r. The Hohenberg-Kohn theorem states that ntr uniquely determines the external

potential vtr and this in turn determines the trial wave function Ψtr, that corresponds to

ntr. Now the energy corresponding to this wave function Ψtr is,

E = 〈Ψtr |H|Ψtr〉
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=

〈
Ψtr

∣∣∣∣∣T + U +
∑

i

vi(r)

∣∣∣∣∣Ψtr

〉

≥ E0 = Ev[n0] (2.31)

Since the kinetic and interaction energies are functionals of the electron density and using

the ground state wave function Ψ0, we have,

T [ntr] + U [ntr] +
∫
ntrv(r)dr ≥ Ev[n0]

Ev[ntr] ≥ Ev[n0]. (2.32)

This proves that any trial electron density can not give rise a lower ground-state energy

than the true ground-state electron density.

2.3.3 The Kohn-Sham equation

If we know the ground-state electron density n0(r), the Hohenberg-Kohn theorem tells us

that in principle it is possible to calculate the ground-state properties from n0 without

having to find the wave function. However, Hohenberg-Kohn theorem does not refer how

to calculate E0 from n0 or how to find n0 without first finding the wave function.

Consider a reference system of N non interacting electrons that each experience the

same external potential vs(ri), where vs(ri) is such to make the density of this reference

system is equal to the exact ground state density of the real system, n0(r) = ns(r). The

Hamiltonian of the reference system is,

H = −1

2

N∑

i=1

∇2
i +

N∑

i=1

vs(ri)

=
N∑

i=1

hKS
i , (2.33)

where hKS
i is the one electron Kohn-Sham Hamiltonian, hKS

i = −1
2
∇2

i+vs(ri). The ground

state wave function Ψs,0 of the reference system can be written using Slater determinant,

Ψs,0 =
1√
N !

det(ψ1ψ2....ψN), (2.34)

which satisfies hKS
i ψi = ǫiψi.
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Now let define a term ∆T as,

∆T [n] = T [n]− Ts[n], (2.35)

which is the difference in the kinetic energy between the real and the reference system of

non interacting electrons with density equal to the real system. Similarly, we define,

∆U [n] = U [n]− 1

2

∫ ∫ n(r1)n(r2)

|r1 − r2|
dr1dr2. (2.36)

Therefore, the energy functional becomes,

Ev[n] =
∫
n(r)v(r)dr+ Ts[n] +

1

2

∫ ∫ n(r1)n(r2)

|r1 − r2|
dr1dr2 +∆T [n] + ∆U [n] (2.37)

Here the functionals ∆T [n] and ∆U [n] are unknown and together define the exchange-

correlation energy functional:

Exc[n] = ∆T [n] + ∆U [n]. (2.38)

Therefore, the energy functional has the form,

E0 = Ev[n] =
∫
n(r)v(r)dr+ Ts[n] +

1

2

∫ ∫ n(r1)n(r2)

|r1 − r2|
dr1dr2 + Exc[n] (2.39)

The first three terms are easy to calculate if the electron density is known and have

the main contribution to the ground state energy, whereas the last term, the exchange-

correlation is relatively small and is not easy to calculate accurately. Now, before one

could evaluate the energy functional Ev[n], we need to calculate the ground state density

first.

The electron density of anN -particle system whose wave function is given by, Equation

1.25 is therefore,

ns =
N∑

i=1

|ψi|2, (2.40)

which we have assumed to be equal to the ground state density of the real system, n0 = ns.

The kinetic energy functional of the reference system can be expressed as,

Ts[n] = −1

2

〈
Ψs

∣∣∣∣∣
∑

i

∇2
i

∣∣∣∣∣Ψs

〉
=

N∑

i=1

〈
ψi

∣∣∣∣−
1

2
∇2

i

∣∣∣∣ψi

〉
. (2.41)
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Therefore,

E0 =
∫
n(r)v(r)dr− 1

2

N∑

i=1

〈
ψi

∣∣∣∇2
i

∣∣∣ψi

〉
+

1

2

∫ ∫ n(r1)n(r2)

|r1 − r2|
dr1dr2 + Exc[n]. (2.42)

Now, the Hohenberg-Kohn variational principle tells that we could find the ground state

energy by varying electron density constraint to
∫
n(r)dr = N so as to minimize the

energy functional Ev[n]. Equivalently, instead of varying electron density n, we can vary

the Kohn-Sham orbitals ψi. Now it can readily be shown that the wave function ψi, which

minimizes the above expression satisfy,

[
−1

2
∇2 + v(r) +

∫ n(r′)

|r− r′|dr
′ + vxc(r)

]
ψi = ǫiψi (2.43)

This is know as Kohn-Sham equation [41]. The exchange-correlation potential vxc is found

as the functional derivative of the exchange-correlation energy:

vxc =
δExc[n(r)]

δn(r)
(2.44)

2.3.4 Exchange-correlation energy

While the Kohn-Sham equation exactly incorporate the kinetic energy functional Ts[n],

the exchange-correlation functional Exc[n] is still unknown. The search for an accurate

Exc[n] has encountered tremendous difficulty and is the greatest challenge in the density

functional theory. The exchange-correlation energy is given by,

Exc = ∆T [n] + ∆U [n],where, vxc =
δExc[n(r)]

δn(r)
(2.45)

This exchange-correlation energy contains — (i) Kinetic correlation energy, which is the

difference in the kinetic energy functional between the real and the noninteracting refer-

ence system. (ii) The exchange energy, which arises from the antisymmetric requirement.

(iii) Coulombic correlation energy, which arises from the inter-electronic repulsion and

(iv) A self-interaction correction.
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2.3.5 The local density approximation (LDA)

Hohenberg and Kohn showed that if the density n(r) varies extremely slow with r then

the Exc[n] is accurately given by,

ELDA
xc [n] =

∫
n(r)ELDA

xc (n(r))dr, (2.46)

where ELDA
xc [n] is the exchange plus correlation energy per electron in a homogeneous elec-

tron gas with electron density n. The exchange part reads as ELDA
x [n] = −3/4π(3π2n)1/3.

For the correlation part representations given by Perdew and Wang [42] and, previously

by Perdew and Zunger [43] can be used. Both are parameterization of Ceperly and Alder’s

exact results for the uniform gas [44]. One can also use the earlier prescriptions by Hedin

and Lundquist [45] and by Wigner [46]. These nonrelativistic LDA exchange-correlation

functionals may be replaced with relativistic corrections to the exchange part as given

by MacDonald and Vosko [47]. The functional derivative of ELDA
xc gives the exchange-

correlation potential within LDA,

vLDA
xc =

δELDA
xc

δn

= Exc (n(r)) + n(r)
∂Exc(n)
∂n

. (2.47)

2.3.6 The generalized gradient approximation (GGA)

In a generalized gradient approximation (GGA) the functional depends on the density

and its gradient,

EGGA
xc [n] =

∫
n(r)EGGA

xc (n(r), |∇n(r)|)dr. (2.48)

Now one can use the GGA functionals by Perdew and Wang [42], by Perdew, Burke

and Ernzerhof (PBE) [48] and Becke’s formula [49] for the exchange part combined with

Perdew’s 1986 formula for correlation [50]. Substituting for the latter formula of Lee, Yang

and Parr [51] provides the so-called BLYP GGA. The exchange-correlation potential in

Cartesian coordinates is given by,

vxc
GGA[n, r] =

[
∂

∂n
−

3∑

i=1

∇i
∂

∂∇in

]
n(r)EGGA

xc (n(r), |∇n(r)|), (2.49)
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and depends on the first and second radial derivatives of the density. It is an open issue

whether to perform one of these GGAs over another. Dependent on the application, they

may yield somewhat differing result. However, the actual choice among these GGAs is

usually less important than the difference between the LDA and the GGA themselves.

2.4 The Projector-Augmented-Wave formalism

The most widely used electronic structure methods can be divided into two classes. First

one is the linear method [52] developed from the augmented-plane-wave method [29, 54]

and Koringa-Kohn-Rostocar method [55, 56] and the second one is the norm-conserving

pseudopotentials developed by Hamann, Schlüter and Chiang [57]. In that scheme, inside

some core radius, the all electron (AE) wave function is replaced by a soft nodeless pseudo

(PS) wave function, with the restriction to the PS wave function that within the chosen

core radius the norm of the PS wave function have to be the same with the AE wave func-

tion and outside the core radius both the wave functions are just identical. However, the

charge distribution and moments of AE wave function are well reproduced by the PS wave

function only when the core radius is taken around the outer most maxima of AE wave

function. Therefore, elements with strongly localized orbitals pseudopotentials require

a large plane wave basis set. This was improved by Vanderbilt [58], where the norm-

conservation constraint was relaxed and a localized atom centered augmentation charges

were introduced to make up the charge deficit. But the success is partly hampered by

rather difficult construction of the pseudopotential. Later Blöchl [59] has developed the

projector-augmented- wave (PAW) method, which combines the linear augmented plane

wave method with the plane wave pseudopotential approach, which finally turns compu-

tationally elegant, transferable and accurate method for electronic structure calculation.

Further Kresse and Joubert [60] modified this PAW method and implemented in their

existing Veina ab-initio pseudopotential package (VASP). Here in this section we will

discuss briefly the idea of the method.
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2.4.1 Wave functions

The exact Kohn-Sham density functional is given by,

E =
∑

n

fn〈Ψn| −
1

2
∇2|Ψn〉 + EH [n+ nZ ] + Exc[n], (2.50)

where EH [n + nZ ] is the hartree energy of the electronic charge density n and the point

charge densities of the nuclei nZ , Exc[n] is the electronic exchange-correlation energy

and fn are the orbital occupation number. |Ψn〉 is the all-electron wave function. This

physically relevant wave functions |Ψn〉 in the Hilbert space exhibit strong oscillations

and make numerical treatment difficult. Transformation of this wave functions |Ψn〉 into
a new pseudo wave functions |Ψ̃n〉 in the PS Hilbert space,

|Ψn〉 = τ |Ψ̃n〉, (2.51)

within the augmentation region ΩR, then makes PS wave function |Ψ̃n〉 computationally

convenient.

Let us now choose a PS partial wave function |φ̃i〉, which is identical to the corre-

sponding AE partial waves |ψi〉 outside the augmentation region and form a complete

set within the augmentation region ΩR. Within the augmentation region every PS wave

function can be expanded into PS partial waves,

|Ψ̃〉 =
∑

i

ci|φ̃i〉, (2.52)

where the coefficients ci are scalar products,

ci = 〈p̃i|Ψ̃n〉, (2.53)

with some fixed function 〈p̃i| of the PS wave function, which is called the projector

function. By using the linear transformation [59],

τ = 1 +
∑

i

(|φi〉 − |φ̃i〉)〈p̃i|, (2.54)

the corresponding AE wave function |Ψn〉 in the Eq. 1.2 is then,

|Ψn〉 = |Ψ̃n〉 +
∑

i

(|ψi〉 − |ψ̃i〉)〈p̃i|Ψ̃n〉, (2.55)
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where i refers to the atomic site R, the angular momentum quantum numbers L = l,m

and an additional index k for the reference energy ǫkl and, with p̃i being the projector

functions, which within the augmentation region ΩR satisfy the condition,

〈p̃i|φ̃j〉 = δij . (2.56)

The AE charge density at a given point r is the expectation value of the real-space

projector operator |r〉〈r| and hence given by,

n(r) = ñ(r) + n1(r)− ñ1(r), (2.57)

where ñ(r) is the soft PS charge density calculated from the PS wave function

ñ(r) =
∑

n

fn〈Ψ̃n|r〉〈r|Ψ̃n|r〉, (2.58)

and onsite charge densities are defined as,

n1(r) =
∑

ij

ρij〈φi|r〉〈r|φj〉, (2.59)

and,

ñ1(r) =
∑

ij

ρij〈φ̃i|r〉〈r|φ̃j〉. (2.60)

ρij are the occupation of each augmentation channel (i, j) and are calculated from the PS

wave functions applying the projector function,

ρij =
∑

n

fn〈Ψ̃n|p̃i〉〈p̃j|Ψ̃n〉. (2.61)

It should be pointed out here that for a complete set of projector functions the charge

density ñ1 is exactly same as ñ within ΩR.

2.4.2 The total energy functional

The total energy can be written as a sum of three terms,

E = Ẽ + E1 − Ẽ1, (2.62)
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where the first term,

Ẽ =
∑

n

fn〈Ψ̃n| −
1

2
∇2|Ψ̃n〉+ Exc[ñ+ n̂+ ñc] + EH [ñ+ n̂]

+
∫
vH [ñZc][ñ(r) + n̂(r)]dr+ U(R, Zion). (2.63)

nZc(ñZc) is the sum of the point charge density of the nuclei nZ(ñz) and the frozen core

charge density nc(ñc), i.e. nZc = nz + nc and ñZc = ñz + ñc and n̂ is the compensation

charge, which is added to the soft charge densities ñ+ ñZc and ñ
1 + ñZc to reproduce the

correct multipole moments of the AE charge density n1 + nZc located in each augmen-

tation region. As nZc and ñZc have same monopole −Zion and vanishing multipoles, the

compensation charge n̂ is chosen so that ñ1 + n̂ has the same moments as AE valence

charge density n1 has, within each augmentation region. U(R, Zion) is the electrostatic

interaction potential between the cores.

The second term in the total energy is,

E1 =
∑

ij

ρij〈φi| −
1

2
∇2|φj〉+ Exc[n1 + nc] + EH [n1]

+
∫

Ωr

vH [nnZc
]n1(r)dr. (2.64)

and the final term is,

Ẽ1 =
∑

ij

ρij〈φ̃i| −
1

2
∇2|φ̃j〉 + Exc[ñ1 + n̂+ ñc] + EH [ñ1 + n̂]

+
∫

Ωr

vH [ñZc][ñ
1(r) + n̂(r)]dr, (2.65)

In all these three energy terms, the electrostatic potential vH [n] and electrostatic

energy EH [n] of charge density n is given by:

vH [n](r) =
∫ n(r′)

|r− r′|dr
′, (2.66)

EH [n] =
1

2

∫
dr
∫
dr′

n(r)n(r′)

|r− r′| . (2.67)

In the total energy functional the smooth part Ẽ is evaluated on a regular grids in Fourier

or real space, and the two one-center contributions E1and Ẽ1 are evaluated on radial grids

for each sphere individually.
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2.4.3 Compensation charge density

The compensation charge density n̂ is defined such that ñ1 + n̂ has exactly the same

moments as the AE charge density n1 has, within the augmentation region, which then

requires, ∫

Ωr

(n1 − ñ1 − n̂)|r−R|lY ∗
L

̂(r−R)dr = 0. (2.68)

The charge difference Qij between the AE and PS partial wave for each channel (i, j)

within the augmentation region is defined by,

Qij(r) = φ∗
i (r)φj(r)− φ̃∗

i (r)φ̃j(r), (2.69)

and their moments qLij are,

qLij =
∫

Ωr

Qij(r)|r−R|lY ∗
L

̂(r−R)dr, (2.70)

which has non zero values only for certain combinations of L, i and j. Then the compen-

sation charge density can be rewritten as,

n̂ =
∑

i,j,L

ρijQ̂
L
ij(r), (2.71)

where,

Q̂L
ij = qLijgl(|r−R|)YL( ̂r−R), (2.72)

where gl(r) are the functions for which the moment is equal to 1.

2.4.4 Operators

Let us consider some operator O, so its expectation value 〈O〉 = ∑
n fn〈Ψn|O|Ψn〉, where

n is the band index and fn is the occupation of the state. As in the PAW method we

work with the PS wave function, we need to obtain observables as the expectation values

of PS wave function. Applying the form of the transformation τ and using
∑

i |φ̃i〉〈p̃i| = 1

within the augmentation region ΩR and |φ̃i〉 = |φi〉 outside the augmentation region, for

quasilocal operators, the PS operator Õ has the following form1:

Õ = τ †Oτ
1The kinetic energy operator −1/2∇2 and the real space projector operators |r〉〈r| are quasi local

operators. For truly nonlocal operators an extra term must be added to the Õ expression.
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= O +
∑

ij

|p̃i〉(〈φi|O|φj〉 − 〈φ̃i|O|φ̃j〉)〈p̃j|. (2.73)

Overlap operator: The PS wave function obey orthogonality condition,

〈Ψ̃n|S|Ψ̃m〉 = δnm, (2.74)

where S is the overlap operator in the PAW approach. The overlap matrix in the AE

representation is given by the matrix elements of unitary operator. Therefore, S has the

form given by,

S[{R}] = 1 +
∑

i

|p̃i〉[〈φi|φj〉 − 〈φ̃i|φ̃j〉]〈p̃j|. (2.75)

Hamiltonian operator: The Hamiltonian operator is defined as the first derivative of

the total energy functional with respect to the density operator, ρ̃ =
∑

n fn|Ψ̃n〉〈Ψ̃n|,

H =
dE

dρ̃
, (2.76)

where the PS density operator ρ̃ depends on the PS charge density ñ and on the occu-

pancies of each augmentation channel ρij. So the variation of the total energy functional

can be rewritten as,

dE

dρ̃
=

∂E

∂ρ̃
+
∫ δE

δñ(r)

∂ñ(r)

∂ρ̃
dr+

∑

i,j

∂E

∂ρij

∂ρij
∂ρ̃

. (2.77)

The partial derivative of Ẽ with respect to the PS density operator is the kinetic energy

operator and the variation with respect to ñ(r) leads to the usual one-electron potential

ṽeff ,

∂Ẽ

∂ρ̃
= −1

2
∇2, (2.78)

and,
δẼ

δñ(r)
= ṽeff = vH [ñ+ n̂+ ñZc] + vxc[ñ+ n̂+ ñc]. (2.79)

As in the smooth part of the total energy functional, Ẽ, the occupancies ρij enter only

through the compensation charge density n̂, the variation of Ẽ with respect to ρij is given

by,

D̂ij =
∂Ẽ

∂ρij
=

∫ δẼ

δn̂(r)

∂n̂(r)

∂ρij
dr

=
∑

L

∫
ṽeff (r)Q̂

L
ij(r)dr. (2.80)
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In the remaining two terms E1 and Ẽ1 in the energy functional, ρij enters directly via

kinetic energy or through n1, ñ1 and n̂. Now the variation of E1 with the occupancies ρij

is given by,

D1
ij =

∂E1

∂ρij
= 〈φi| −

1

2
∇2 + v1eff |φj〉, (2.81)

where,

v1eff [n
1] = vH [n

1 + nZc] + vxc[n
1 + nc], (2.82)

and the variation of Ẽ1 is given by,

D̃1
ij =

∂Ẽ1

∂ρij
= 〈φ̃i| −

1

2
∇2 + ṽ1eff |φ̃j〉+

∑

L

∫

Ωr

drṽ1eff (r)Q̂
L
ij(r), (2.83)

where,

ṽ1eff [ñ
1] = vH [ñ

1 + n̂+ ñZc] + vxc[ñ
1 + n̂+ ñc]. (2.84)

The onsite termsD1
ij and D̃

1
ij are evaluated on radial grid within each augmentation region

and they restore the correct shape of the AE wave function within the sphere. The final

form of the Hamiltonian operator:

H[ρ, {R}] = −1

2
∇2 + ṽeff +

∑

i,j

|p̃i〉(D̂ij +D1
ij − D̃1

ij)〈p̃j|. (2.85)

2.4.5 Forces in the PAW method

Forces are usually defined as the total derivative of the energy with respect to the ionic

position R,

F = −dE
dR

. (2.86)

The total derivative consists of two terms, first one is the forces on the ionic core and

the second term is the correction due to the change of AE wave functions for fixed PS

wave functions when ions are moved. This correction term comes because augmentation

depends on the ionic positions and are known as Pulay force [61]. When calculating this

Pulay correction one must consider the overlap between the wave functions due to the

change in ionic position. According to Goedecker and Maschke [62], the total derivative

can be written as,

dE

dR
=

∂U(R, Zion)

∂R
+
∑

n

fn

〈
Ψ̃n

∣∣∣∣∣
∂(H[ρ, {r}]− ǫnS[{R}])

∂R

∣∣∣∣∣ Ψ̃n

〉
, (2.87)
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where the first term is the forces between the ionic cores and ǫn are the Kohn-Sham

eigenvalues, and the PS wave functions assumed to satisfy the orthogonality condition

〈Ψ̃n|S|Ψ̃m〉 = δnm and the corresponding Kohn-Sham equation, reads H|Ψ̃n〉 = ǫnS|Ψ̃n〉.
The first contribution, F1 to the second term of the total derivative comes from the

change in the effective local potential ṽeff when the ions are moved and ṽeff depends

explicitly on the ionic positions via n̂Zc,

F1 = −
∫ [

δTr[Hρ̃]

δvH [ñZc](R)

∂vH [ñZc](R)

∂R

]
dR. (2.88)

This equation can be further simplified to,

F1 = −
∫ 
ñ(r) +

∑

i,j,L

Q̂L
ij(r)ρij


 ∂vH [ñZc](r)

∂R
dr

= −
∫

[ñ(r) + n̂(r)]
∂vH [ñZc](r)

∂R
dr. (2.89)

The second contribution arise from D̂ij due to the changes in the compensation charge

density n̂, when ions are moved,

F2 = −
∑

i,j,L

∫
ṽeff (r)ρijq

L
ij

∂gl(|r−R|)YL( ̂r−R)

∂R
dr. (2.90)

These two terms, F1 and F2, together describe the electrostatic contributions to the force.

The third term comes due to the change in the projector function p̃i as ions are moved,

F3 = −
∑

n,i,j

(D̂ij +D1
ij − D̃1

ij − ǫnqij)fn

〈
Ψ̃n

∣∣∣∣∣
∂|p̃i〉〈p̃j|
∂R

∣∣∣∣∣ Ψ̃n

〉
, (2.91)

where qij = 〈φi|φj〉 − 〈φ̃i|φ̃j〉.
As the exchange-correlation potential depends on the nonlinear core corrections ñc

gives an additional contribution, which can be obtained from the total energy functional,

Fnlcc = −
∫
vxc[ñ+ n̂+ ñc]

∂ñc(r)

∂R
dr. (2.92)

All the differences between the PAW method and ultra-soft pseudopotential are auto-

matically absorbed in the in the definition of (D̂ij +D
1
ij − D̃1

ij). D
1
ij − D̃1

ij are constant for

US-PP, where they are calculated once and forever whereas in PAW method they vary

during the calculation of the electronic ground state.



Chapter 3

Tight-binding molecular dynamics study of copper

clusters

In this chapter we shall use a minimal parameter tight binding molecular dynamics scheme

(Section 2.1) to study copper clusters in the size range of n = 2-55. We shall present

ground state geometries, binding energies, relative stabilities, HOMO-LUMO gap and

ionization potentials. A detailed comparison will been made with our previous first-

principles (full potential linearized muffin-tin orbital) calculations for small size range

≤ 9 along with available experimental results. Good agreement will allow us to use

the present TBMD method for medium sized clusters with n ≥ 10. In the size range

10 ≤ n ≤ 55 most of the clusters adopt icosahedral structure which can be derived

from the 13-atom icosahedron, the ploy-icosahedral 19-, 23-, and 26-atom clusters and

the 55-atom icosahedron, by adding or removing atoms. However, a local geometrical

change from icosahedral to decahedral structure is observed for n = 40-44 and return to

the icosahedral growth pattern is found at n = 45 which continues. Electronic “magic

numbers” (2, 8, 20, 34, 40) in this regime are correctly reproduced. Due to electron pairing

in the HOMOs, even-odd alternation is found. A sudden loss of even-odd alternation in

second difference of cluster binding energy, HOMO-LUMO gap energy and ionization

potential is observed in the region n ∼ 40 due to structural change there. Interplay

between electronic and geometrical structure is found. 1

1This chapter is based on the following papers:

(1) Mukul Kabir, Abhijit Mookerjee and A. K. Bhattacharya, Structure and stability of Cu clusters: A

tight-binding molecular dynamics study, Physical Review A, 69, 043203 (2004).

(2) Mukul Kabir, Abhijit Mookerjee and A. K. Bhattacharya, Copper clusters: Electronic effect domi-

38
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3.1 Introduction

Metallic clusters play a central role in catalysis [63]-[66] and nanotechnology [67]-[69].

Clusters of coinage metals Cu, Ag and Au have been used in a wide range of demonstration

[63]-[69]. The determination of structural and electronic properties and the growth pattern

of coinage metal clusters are of much interest both experimentally [10]-[13],[70]-[76] and

theoretically [77]-[81]. The electronic configuration of the coinage metals are characterized

by a closed d shell and a single s valance electron [Cu: Ar(3d)10(4s)1, Ag: Kr(4d)10(5s)1,

Au: Xe(5d)10(6s)1]. Due to the presence of single s electrons in the atomic outer shells, the

noble metal clusters are expected to exhibit certain similarities to the alkali metal clusters.

Electronic structure of alkali metal clusters are well described by the spherical shell model,

which has successfully interpreted the “magic numbers” in Nan and Kn clusters [1, 2].

A number of experimental features of noble metal clusters are also qualitatively well

described in terms of simple s electron shell model. For instance, the mass abundance

spectrum of Cu−
n , Ag

−
n and Au−

n clusters, which reflects the stability of clusters, can be

explained by the one-electron shell model [10, 11]. But some experimental studies [70]-

[73] indicate that the localized d electrons of the noble metals play a significant role for

the geometrical and electronic structure through the hybridization with more extended

valence s electron . Therefore, it is important to include the contribution of 3d electrons

and the s− d hybridization for Cun clusters.

Bare copper clusters in the gas phase have been studied experimentally by Taylor

et al. [74] and Ho et al. [75] using photo-electron spectroscopy (PES). Knickelbein

measured ionization potentials of neutral copper clusters and found evidence of elec-

tronic shell structure [13]. Very recently cationic copper clusters have been studied using

threshold collision-induced dissociation (TCID) by Spasov et al. [76]. Copper clusters

have been also investigated theoretically by various accurate quantum mechanical and

nates over geometrical effect, European Physical Journal D 31, 477 (2004).

(3) Mukul Kabir, Abhijit Mookerjee, R. P. Datta, A. Banerjea and A. K. Bhattacharya, Study of small

metallic nanoparticles: An ab initio full-potential muffin-tin orbitals based molecular dynamics study of

small Cu clusters, Int. J. Mod. Physics B 17, 2061 (2003).

(4) Mukul Kabir, Abhijit Mookerjee and A. K. Bhattacharya, Tight-Binding molecular dynamics study

of Copper clusters, Nano-Scale Materials: From Science to Technology, Eds. S. N. Sahu, R. K. Choudhury

and P. Jena (Nova, New York, 2006).
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chemical approaches. Massobrio et al. [77] studied the structures and energetics of Cun

(n = 2, 3, 4, 6, 8, 10) within the local density approximation of density functional theory

(DF-LDA) by using the Car Parinello (CP) method. Calaminici et al. [78] used the

linear combination of Gaussian-type orbitals density functional (LCGTO-DFT) approach

to study Cun, Cu
−
n and Cu+

n clusters with n ≤ 5. Akeby et al. [79] used the configuration

interaction (CI) method with an effective core potential (ECP) for n ≤ 10. We also have

[80] studied the small Cun clusters for n ≤ 9 by using full-potential muffin-tin orbitals

(FP-LMTO) technique. Here in this chapter we will not discuss those FP-LMTO results

explicitly, but would compare with the TB results.

Ideally, the sophisticated, quantum chemistry based, first-principles methods predict

both the stable geometries and energetics to a very high degree of accuracy. The practical

problem arises from the fact that for actual implementation these techniques are limited to

small clusters only. None of the methods described above can be implemented for clusters

much larger than ∼ 10 atoms, because of prohibitive computational expense. The aim of

this communication is to introduce an semi-empirical method, which nevertheless retains

some of the electronic structure features of the problem. The empirical parameters are

determined from first-principles calculations for small clusters, and corrections introduced

for local environmental corrections in the larger clusters.

In recent years empirical tight-binding molecular dynamics (TB-MD) method has been

developed as an alternative to ab initio methods. As compared with ab initio methods,

the parameterized tight-binding Hamiltonian reduces the computational cost dramatically.

The main problem with the empirical tight-binding methods has always been the lack of

transferability of its empirical parameters. We shall describe here a technique that allows

us to fit the parameters of the model from a fully ab initio, self-consistent local spin-

density approximation (LSDA) based FP-LMTO calculation reported earlier by us [80]

for the smaller clusters and then make correction for the new environment for clusters in

order to ensure transferability (at least to a degree).

It should be mentioned here that Copper clusters have also been investigated by other

empirical methods. D’Agostino carried molecular dynamics using a quasi-empirical po-

tential derived from a tight-binding approach for nearly 1300 atoms [81]. More recently

Darby et al. carried geometry optimization by genetic algorithm using Gupta potential
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[82] for Cun, Aun and their alloy clusters in the size range n ≤ 56 [83]. These kinds of

empirical atomistic potentials are found to be good to predict ground state geometries

but can not predict electronic properties such as electronic shell closing effect for n =2, 8,

20, 40, ..., highest occupied-lowest unoccupied molecular level (HOMO-LUMO) gap en-

ergy and ionization potential. Our proposed TBMD scheme will allow us to extrapolate

to the larger clusters to study both the ground state geometries as well as ground state

energetics as a function of cluster size. Menon et al. have proposed a minimal parameter

tight-binding molecular dynamics (TBMD) scheme for semiconductors [84]-[86] and ex-

tended the method for transition metal (Nin and Fen) clusters [87, 30]. Recently Zhao et

al. has applied this method for silver clusters [88]. In the present work, we shall introduce

a similar TB model for copper.

Using this TBMD method, we shall investigate the stable structures, cohesive energies,

relative stabilities, HOMO-LUMO gaps and ionization potentials of Cun clusters in the

size range n ≤ 55. We shall indicate the comparison between the present results for small

clusters, n ≤ 9, with those of our previous FP-LMTO calculations and other ab initio and

available experimental results. This is essential before we go over to the computationally

expensive study of larger clusters.

3.2 Methodology

We have used TB molecular dynamics to study the copper clusters in the size range n

= 2-55. The TBMD has extensively been described in the Section2.1 in great detail.

The parameter rd, the on site energies and the universal constants ηλ,λ′,µ are taken from

Harrison [31] and are given in the Table 3.1.

To prevent the p-orbital mixing, we set Es = Ed and Ep large enough. The choice

of out TB parameters reproduces the band structure of the face-centered cubic bulk Cu

crystal. In the present scheme we have four adjustable parameters, φ0 in the equation

2.5 and a, b, c in the equation 2.6. The vale of φ0 is fitted to reproduce the correct

experimental bond length for the Cu dimer (2.22 Å[89]). In the present case we found a

value 0.34 eV for φ0. We found the vibrational frequency of Cu2 is to be 226 cm−1, which

has reasonable agreement with the experimental value (265 cm−1) [90]. The parameters,
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Table 3.1: Parameter rd, on site energies,Es, Ep and Ed and the universal constants ηλ,λ′,µ

for Cu [31].

Parameter Value Parameter Value

rd 0.67 Å Es -20.14 eV

Ep 100 eV Ed -20.14 eV

ηssσ -0.48 ηspσ 1.84

ηppσ 3.24 ηppπ -0.81

ηsdσ -3.16 ηpdσ -2.95

ηpdπ 1.36 ηddσ -16.20

ηddπ 8.75 ηddδ 0.00

a, b and c, are obtained by fitting the coordination dependent term to our FP-LMTO ab

initio results [80] for the three different small clusters according to the equation

Ebond = Eab initio − Eel − Erep. (3.1)

To determine the parameters a, b and c, we use the experimental binding energy (1.03

eV/atom [89]) of Cu2 and binding energy of Cu4 and Cu6 from our previous ab initio

FP-LMTO calculation. This gave a = −0.0671 eV, b = 1.2375 eV and c = −3.042

eV. In the present case we took the cutoff distance rc = 3.5 Åand △ = 0.1 Å. These

four parameters, once adjusted for small clusters to reproduce the known experimental

or theoretical results, are then kept fixed in the subsequent calculations for clusters of

arbitrary size.

3.3 Results

We have applied this TBMD scheme to Cun clusters for n ≤ 55. Since the present scheme

imposes no a priori symmetry restrictions, we can perform full optimization of cluster

geometries. For small clusters (n ≤ 9) we can able to perform a full configurational space

search to determine the lowest-energy configuration. Here they serve as a test case for the

calculation of larger clusters with n ≥ 10. In Table 3.2 we present a detailed comparison

of binding energy per atom, difference in binding energy △E and average bond length 〈r〉
for n ≤ 9 with available experimental [76] and ab initio [77, 79, 80] results.
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Table 3.2: Point group (PG) symmetry, cohesive energy per atom, difference in cohesive

energy per atom △E and average bond length 〈r〉 of the ground state structure and

different isomers for Cun clusters with n ≤ 9 obtained from TB calculation and comparison

with ab initio calculations [80, 79, 77]. △E = 0.00 represents the most stable structure for

a particular n. Cohesive energy corresponding to the ground state structure in FP-LMTO

[80], DF-LDA [77] (in parentheses) calculations and the values from TCID experiment [76]

are given. For Cu7, C3v(I) is the bi-capped trigonal bi-prism and C3v(II) is the capped

octahedron.

Cluster PG Binding Energy (eV/atom) △E (eV/atom) 〈r〉
Present Theory1 Experiment2 Present Theory3 Theory4 (Å)

Cu3 C2v 1.43 1.60(1.63) 1.07±0.12 0.00 0.00 2.25

D3h 1.32 0.11 0.06 2.24

D∞h 1.13 0.30 0.00 2.24

Cu4 D2h 2.00 2.00(2.09) 1.48±0.14 0.00 0.00 0.00 2.23

D4h 1.73 0.27 0.56 2.22

Td 1.46 0.54 0.89 2.24

Cu5 C2v 2.24 2.19 1.56±0.15 0.00 0.00 2.23

D3h 2.03 0.21 0.37 2.38

Cu6 C5v 2.54 2.40(2.49) 1.73±0.18 0.00 0.00 0.00 2.40

C2v 2.40 0.14 0.01 2.39

Oh 1.98 0.56 0.87 0.04 2.41

Cu7 D5h 2.63 2.65 1.86±0.22 0.00 0.00 2.41

C3v(I) 2.50 0.13 0.32 2.63

C3v(II) 2.30 0.33 2.45

Cu8 Cs 2.87 2.73(2.84) 2.00±0.23 0.00 0.20 2.41

Oh 2.64 0.23 2.61

D2d 2.57 0.30 0.00 2.59

Td 2.51 0.36 0.15 2.39

Cu9 C2 2.87 2.80 0.00 2.44

C2v 2.84 0.03 2.59

Cs 2.60 0.27 2.41

[1]From Kabir et al. (Ref. [80]) and Massobrio et al. (Ref. [77]).

[2]Calculated from Spasov et al. (Ref. [76]).

[3]From Akeby et al. (Ref. [79]).

[4]From Massobrio et al. (Ref. [77]).
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We carried molecular dynamics starting from various different structures. A straight-

forward molecular dynamics will then lead to possibly a metastable structure. These are

the isomers described in the following text. Of these isomers only one has the globally

minimum energy. Since the present scheme imposes no a priori symmetry restrictions,

we can perform full optimization of cluster geometries.

3.3.1 Ground state geometry and isomers

For the Cu3 cluster we find the isosceles triangle with C2v symmetry to be the most stable

structure. In the present calculation the equilateral triangle (D3h symmetry) and the

linear structure (D∞h symmetry) are the two isomers which are 0.11 eV/atom and 0.30

eV/atom lower in energy. Due to the Jahn-Teller distortion C2v structure is energetically

more favourable than the more symmetrical D3h structure. This result is supported by

the experimental study of Ho et al. [75], who found the C2v and D3h structures are nearly

degenerate. Akeby et al. [79] reported an energy difference of 0.11 eV between the D3h

and D∞h structures, which is 0.23 eV according to ab initio calculation [91]. In agreement

with the present calculation Lammers et al. [92] also found the isosceles triangle (C2v)

to be the the most stable structure, which is 0.16 eV and 0.35 eV higher than the D3h

and D∞h isomers respectively. Calaminici et al. [78] found the vertex angle to be 66.580,

whereas it was 650 in our FP-LMTO calculation [80]. In the present TB calculation, we

find it to be 61.30.

For the Cu4 cluster our calculation predict the planer rhombus (D2h) geometry to

be the most stable with cohesive energy 2.00 eV/atom. We fond the two isomers, a

perfect square (D4h symmetry) and a tetrahedron (Td symmetry), with cohesive energy

1.73 eV/atom and 1.46 eV/atom respectively. Experimental study [75] also favours the

rhombic structure. Hückel calculations [93] suggest the rhombic geometry for the both Cu4

and Cu−
4 . Our prediction is exactly supported by Akeby et al. [79] and Calaminici et al.

[78], who also predicted the sequence D2h-D4h-Td of decreasing stability. Our FP-LMTO

calculation [80] was in agreement with the present TB sequence, whereas Lammers et al.

[92] found a different sequence, Td-D2h-D4h. The larger angle of the rhombus predicted

1230 by Calaminici et al. [78] agrees well with the present calculation 119.80, which was
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Figure 3.1: Ground state structure and isomers of Cun clusters for n = 3 − 9.

Point group symmetries are given in the parentheses.

1200 in our previous ab initio calculation [80].
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In the case of the pentamer, Cu5, three different structures were examined, viz., the

square pyramid (C4v symmetry), the trigonal bi-pyramid (D3h symmetry) and the trape-

zoid (C2v symmetry). Among these three different structures, we found the the planer

trapezoidal C2v structure to be the most stable, which is △E = 0.21 eV/atom higher than

the D3h structure. In our simulation, the square pyramid C4v was found to be unstable,

relaxing to a D3h structure. In the photo-electron spectroscopy [75] of Cu−
n , Ag

−
n and

Au−
n , Ho et al. tentatively assign the trapezoidal planer geometry to the ground state of

both the anion and neutral of the coinage metal pentamers. Present result doesn’t agree

with our previous ab initio calculation, where we found the D3h structure to be the most

stable but agrees with Calaminici et al. [78] and Akeby et al. [79], both of them found

the C2v structure to be most stable structure with the sequence C2v-D3h-C4v of decreasing

stability. Lammers et al. found an opposite sequence C4v-D3h-C2v.

For the Cu6 cluster we investigated three different structures, the octahedron (Oh sym-

metry), the capped trigonal bi-pyramid (C2v symmetry) and the flat pentagonal pyramid

(C5v symmetry). Among these three structures, we found the flat pentagonal pyramid

C5v to be the most stable with cohesive energy 2.54 eV/atom. We found the two isomers,

the capped trigonal bi-pyramid C2v and the octahedron Oh, are △E = 0.14 eV/atom and

△E = 0.56 eV/atom lower respectively. Massobrio et al. [77] and Akeby et al. [79] also

found the C5v structure as the ground state. This result does not agree with our previous

ab initio calculation, where we found the C2v structure as ground state. Lammers at al.

[92] predict the Oh structure to be the most stable structure compared to other random

structures.

In the case of Cu7 cluster we considered three different structures, the pentagonal bi-

pyramid (D5h symmetry), the bi-capped trigonal bi-pyramid (C3v(I) symmetry) and the

capped octahedron (C3v(II) symmetry), as our initial starting configurations. We found

the pentagonal bi-pyramid withD5h symmetry to be the most stable, which is energetically

more favourable than the bi-capped trigonal pyramid and capped octahedron isomers by

an energy △E = 0.13 eV/atom and △E = 0.33 eV/atom respectively. This result agrees

well with Akeby et al. [79] and with the ab initio [80] calculation.

For the Cu8 cluster, we examined four different structures, viz., the capped pentagonal

bi-pyramid (Cs symmetry), the tri-capped trigonal bi-pyramid (Td symmetry), the bi-
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capped octahedron (D2d symmetry) and the cube (Oh symmetry). In our simulation,

we found the capped pentagonal bi-pyramid (Cs) to be the most stable with cohesive

energy 2.87 eV/atom. We found the three isomers, Oh, D2d and Td, are lower in energy

by △E = 0.23, 0.30 and 0.36 eV/atom respectively. This result agrees with our ab initio

calculation [80], where we found the Cs structure to be the most stable but with a different

sequence Cs-D2d-Oh with decreasing order of stability. In that study we have not studied

the Td structure. Massobrio et al. [77] found the D2d structure to be the most stable

structure followed by Td and Cs structure.

For the Cu9 cluster, we examined three different structures, the tri-capped octahedron

(Cs symmetry), the bi-capped pentagonal bi-pyramid (BPB) with capping atoms on the

adjacent faces (C2v symmetry) and the BPB with capping atoms on the non adjacent faces

(C2 symmetry). Among these three structures, the BPB with capping atom on the non

adjacent faces was found to be most stable with binding energy 2.87 eV/atom. This C2

structure is nearly degenerate with the C2v structure by an energy difference △E = 0.03

eV/atom, whereas the Cs structure is less stable by an energy difference △E = 0.27

eV/atom from the C2 structure. Zhao et al. [88] found a BPB with C2v symmetry to be

the ground state for Ag9 cluster. In our ab initio calculation [80], we found the tri-capped

octahedron to be the ground state.

The present results and detailed comparisons with various experimental [75, 76] and

ab initio [77]-[80],[91]-[93] results available, we find reasonable agreement among this

TBMD scheme and the ab initio calculations for small clusters with n ≤ 9 [80], which

allow us to continue the use of this TBMD scheme for larger clusters with n ≥ 10. For

larger clusters (10 ≤ n ≤ 55), due to increasing degrees of freedom with cluster size, a full

configurational search is not possible with the available computational resources. Instead,

led by the experimental and theoretical results on small clusters, we examined structures

of various symmetries for each size. Most stable structures for n = 10− 55 atom clusters

are given in Fig.3.2.

In this regime, the structures predicted by this TB model are mainly based on icosa-

hedron. The most stable structure of Cu7 is a pentagonal bi-pyramid (D5h symmetry;

see Table3.2), which is the building block for the larger clusters with n ≥ 10. For Cu10,

we found a tri-capped pentagonal bi-pyramid to be the most stable structure. Ground
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Figure 3.2: Most stable structures for copper clusters with n = 10 − 55 atoms.

Most of the clusters adopt icosahedral structures except for n = 40− 44, where

the structures are decahedral.
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state structures of Cu11 and Cu12 are the uncompleted icosahedron with lack of one and

two atoms respectively and a Jahn-Teller distorted first complete icosahedron is formed

at Cu13. For Cu13, the face-centered cubic like cub-octahedron is less stable than the

icosahedron by an energy 0.05 eV per atom. In agreement Lammers and Borstal, on the

basis of tight-binding linear muffin-tin orbital calculations, was also found the icosahedron

to be the ground state of Cu13, though the difference in energy between the icosahedron

and the cub-octahedron was calculated to be only 0.2 eV/atom [92]. The ground state

structures for Cu14, Cu15, Cu16, and Cu17 are the 13- atom icosahedron plus one, two,

three and four atoms respectively. A double icosahedron is formed for Cu19 (D5h symme-

try). This structure has two internal atoms, 12 six-coordinate atoms at either end and five

eight-coordinate atoms around the waist of the cluster. Based on the structure for Cu19,

the stable Cu18 cluster is a double icosahedron minus one of the six-coordinate atoms

located at either end (C5v symmetry). Icosahedral growth continues for 20 ≤ n ≤ 55

atom clusters. Poly-icosahedral structure in the form of a “ triple icosahedron” (D3h

symmetry; the structure can be viewed as three inter-penetrating double icosahedra) is

the most stable structure for Cu23 cluster. The next poly-icosahedral is found for Cu26

cluster. Finally, the second complete icosahedron is formed for Cu55 which is more stable

than the closed cub-octahedral structure by an energy difference 6.27 eV. This can be

explained in terms of their surface energy. The surface energy of the icosahedral structure

is lower than that of the cub-octahedral structure, because the atoms on the surface of

the icosahedron are five-coordinate compared to the four-coordinate atoms on the sur-

face of the cub-octahedron. In our calculation, exception to the icosahedral growth is

found at around Cu40. The situation regarding geometrical structure in this size range

is more complex. The structures for n = 40 − 44 atom clusters are oblate, decahedron

like geometries. Return to the icosahedral structure is found at n = 45. In the size

range n = 40− 44, the structural sequence is decahedron-icosahedron-cub-octahedron in

decreasing order of stability, whereas in the region n = 45 − 55, the structures retain

icosahedron-decahedron-cub-octahedron sequence.

This results are in agreement with the experimental study of Winter and co-workers

[12], where they found a bare copper cluster mass spectrum recorded with ArF laser

ionization shows a sudden decrease in the ion signal at Cu+
42, and from this observation
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they argued that a change in geometrical structure might occur there, though they have

not concluded about the nature of this geometrical change. They also found a dramatic

decrease in water binding energy for Cu50 and Cu51, and concluded that this may represent

a return to the icosahedral structure as the second complete icosahedron is approached

for Cu55.

Our prediction agrees with the earlier work by D’Agostino [81], who performed molec-

ular dynamics using a tight-binding many-body potential and found that icosahedral

structures are prevalent for clusters containing less than about 1500 atoms. Valkealahti

and Manninen [94], using effective medium theory, also found icosahedral structures are

energetically more favourable than the cub-octahedral structures for sizes up to n ∼ 2500

is consistent with our result: Fig.3.4 shows cub-octahedral structures are least stable

among the three structures, icosahedron, decahedron and cub-octahedron. By contrast,

Christensen and Jacobsen [95] predicted more face-centered cubic-like structures in the

size range n = 3−29, in their Monte Carlo simulation using an effective medium potential.

But they correctly reproduced the “magic numbers” in that regime [95, 96].

These results can be compared with the genetic algorithm study on copper clusters by

Darby et al. [83], using Gupta potential. In agreement with the present study, Darby et

al. found that most of the clusters in this regime adopt structures based on icosahedron.

They also found exceptions to the icosahedral growth at around Cu40, where the struc-

tures adopt decahedron like geometries (exact numbers are not available in the Ref. [83]).

But the present study disagree with the genetic algorithm study in two points. Firstly, for

25 atom cluster, they found a more disordered structure, while the present study predict

it to be an icosahedron based structure which can be derived by removing one surface

atom from the 26-atom poly-icosahedron. Finally, they found an face-centered cubic-like

truncated octahedral structure for Cu38. Instead, the present study predict the icosahe-

dron based structure to be the ground state, where this structure is energetically more

favourable than the truncated octahedral structure by an energy △E = 0.17 eV/atom.

Although the genetic algorithm search for global minima is more efficient technique than

molecular dynamics, use of the empirical atomistic potential is the main reason [97] for

this kind of disagreement between Darby et al. and the present study.
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3.3.2 Binding energies and relative stabilities

The computed size dependence of the binding energy per atom for Cun clusters with n =

2−55 is depicted in Fig.3.3 (upper panel). Among all the isomeric geometries examined for

a certain cluster size n, the highest cohesive energy has been considered for the Fig.3.3.

The overall shape of the curve matches the anticipated trend: binding energy grows

monotonically with increasing the cluster size. Inset of the Fig.3.3 (upper panel) shows the

comparison of our calculated binding energy with the ab initio [77, 80] and experimental

[76] results. Experimentally the binding energies of the neutral clusters were derived

from the dissociation energy data of anionic clusters from the TCID experiment [76] and

using electron affinities from the PES experiment [75]. The inset figure shows that our

calculated binding energies are in good agreement with those from DF-LDA [77] and our

previous FP-LMTO [80] calculations. However, our binding energies are systematically

overestimated, by an energy 0.53± 0.12 to 0.79± 0.22 eV, than the experimental binding

energies. The LDA based ab initio calculations always over-estimate binding energies.

This is a characteristic of the LDA. In the present study, TB parameters have been fitted

to the ab initio LDA calculations for very small calculations [80]. It is not surprising

therefore that the binding energies are over-estimated. In fact, the present results agree

well with other LDA based calculations [77, 80], all of which overestimate the binding

energy.

In the Fig.3.4, we compared binding energy per atom for cub-octahedral, decahedral

and icosahedral structures for the clusters containing n = 30 − 55 atoms. Fig.3.4 shows

most the clusters in this size range have icosahedral structures. However, a local structural

change occurred for n = 40− 44, where the structures adopt decahedral structure rather

than icosahedral one. Return to the icosahedral growth pattern is found at n = 45 and

continues up to 55-atom cluster. From the Fig.3.4 it is clear that among cub-octahedral,

decahedral and icosahedral structures, cub-octahedral structures are least stable than the

other two.

The second difference in the binding energy may be calculated as

△2E(n) = E(n+ 1) + E(n− 1)− 2E(n), (3.2)

where E(n) represents the total energy for an n-atom cluster. △2E(n) represents the
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Figure 3.3: (Upper panel) Binding energy per atom as a function of cluster

size n1/3. Inset of the upper panel represents a comparison of binding energy

per atom as a function of cluster size n, among the present TBMD (square),

FP-LMTO (circle), DF-LDA (triangle) calculations and experimental (diamond)

values. (Lower panel) Variation of relative stability△2E with cluster size n. Shell

closing effect at n = 8, 18, 20, 34, 40 and even-odd alternation up to n ∼ 40 are

found. However, due to geometrical effect this even-odd alternation is disturbed

at n = 11, 13 and 15.
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Figure 3.4: Comparison of binding energies per atom as a function of cluster

size n among cub-octahedral, decahedral and icosahedral structures. For the

whole region most of the clusters prefer icosahedral structure. However, a local

geometrical change from icosahedral to decahedral structure is found for n =

40− 44.

relative stability of an n-atom cluster with respect to its neighbors and can be directly

compared to the experimental relative abundance : the peaks in △2E(n) coincide with

the discontinuities in the mass spectra. These are plotted in the lower panel of Fig.3.3.

We found three major characteristics in the Fig.3.3 (lower panel ). Firstly, even-odd (even

> odd) oscillation is found. This can be explained in terms of electron pairing in HOMOs.

Even (odd) clusters have an even (odd) number of electrons and the HOMO is doubly

(singly) occupied. The electron in a doubly occupied HOMO will feel a stronger effective

core potential because the electron screening is weaker for the electrons in the same orbital

than for inner shell electrons. Thus the binding energy of the valence electron with an

even cluster is larger than of an odd one. This even-odd alternation is prominent up to
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n ∼ 40. Secondly, due to electronic shell or sub-shell closing, we found particular high

peak for n = 8, 18, 20, 34 and 40. Unfortunately, the present study does not show any

evidence of electronic shell closing for Cu2 in △2E(n). Finally, the even-odd alternation

is reversed for n = 10 − 16 with maxima at Cu11, Cu13 and Cu15, which manifests the

geometrical effect and therefore there is no peak at n = 14 due to electronic sub-shell

closing. Simultaneous appearance of these three features in △2E(n) demonstrates the

interplay between electronic and geometrical structure, which is in agreement with the

experimental study of Winter et al. [12]. They found both jellium-like electronic behaviour

and icosahedral structure in copper clusters. In an experimental study of mass spectra

of ionized copper clusters [10, 11], substantial discontinuities in mass spectra at n =

3, 9, 21, 35, 41 for cationic and n = 7, 19, 33, 39 for anionic clusters as well as dramatic

even-odd alternation are found. From the sudden loss in the even-odd alternation at Cu42

in the KrCl spectrum, Winter et al. argued about the possible geometrical change there.

Therefore, we conclude in the section that sudden loss in the △2E vs n plot (lower panel

of Fig.3.3) is due the structural change in that regime.

Such kind of electronic effects can not be reproduced by empirical atomistic potentials.

Darby et al. [83], using the Gupta potential, found significant peaks at n = 7, 13, 19,

23 and 55 due to icosahedral (or poly-icosahedral) geometries. In the present study, we

have found a peak at n = 13, but not at the other sizes found by them. However, the

stable structures predicted by us are the same : the lowest energy structure of Cu7 is a

pentagonal bi-pyramid (D5h symmetry) ; for n = 13 and 55, the structure are the first and

second closed icosahedral geometries respectively. Poly-icosahedral structures are found

for n = 19 (double icosahedron) and n = 23 (triple icosahedron) atom clusters. As the

reason, the present study shows significant high peaks at Cu8, Cu18 and Cu20 due to

electronic shell closing effect and average peaks at Cu22 and Cu24 due to electron pairing

effect. At these sizes, the electronic effects dominates over the geometrical effects and

consequently the above peaks cannot observed by Darby et al .
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Figure 3.5: Highest occupied - lowest unoccupied molecular orbital (HOMO-

LUMO) gap energy vs cluster size n. Electronic shell closer at n = 2, 8, 18, 20,

34, 40 and even-odd alternation are observed. However, sudden loss in even-odd

alternation is found around n ∼ 40 due to the structural change there.

3.3.3 HOMO-LUMO gap energies

Besides the second difference of the cluster binding energy, a sensitive quantity to probe

the stability is the highest occupied-lowest unoccupied molecular level (HOMO-LUMO)

gap energy. In the case of magic clusters shell or sub-shell closer manifests themselves in

particularly large HOMO-LUMO gap, which was previously demonstrated experimentally

[75, 16]. Calculated HOMO-LUMO gap energies are plotted in the Fig.3.5, where we

observed even-odd alternation due to electron pairing effect and particularly large gap for

n = 2, 8, 18, 20, 34 and 40 due to electronic shell and sub-shell closing. However, sudden

loss of even-odd alternation is found around n ∼ 40 due to the change in the geometrical

structure in that region. Winter et al. [12] also found a sudden loss in even-odd alternation
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in the KrCl spectrum at Cu42 and concluded this may coincide with any possible change

in the geometrical structure there. In fact, Katakuse et al. [10, 11] observed identical

behaviour in the mass spectra of sputtered copped and silver cluster ions : a dramatic loss

of even-odd alternation at n = 42, signifying a sudden change to a geometrical structure

in which stability, and abundance, is less sensitive to electron pairing. Therefore, the

sudden loss in the Fig.3.5 again confirms the structural change there. So, the present

study correctly predicts the “magic numbers” in this regime correctly and confirms the

experimental prediction : a geometrical change (icosahedron → decahedron) is occurring

around n ∼ 40.

3.3.4 Ionization potentials

Within the present TB scheme, we can get a ‘qualitative’ description of the ionization po-

tentials with cluster size according to Koopmans’ theorem. This limitation arises mainly
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Figure 3.6: Ionization potential vs cluster size n. Electronic shell closing effect

and prominent even-odd alternation up to n ∼ 40 are observed.
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from the choice of the Slater-Koster (SK) TB parameters and the extent of their trans-

ferability [98], which may be improved by the proposed scaling scheme of Cohen, Mehl

and Papaconstantopoulos [99] . However, our aim is to get only a qualitative description

of ionization potential with cluster size. Calculated ionization potentials are plotted in

the Fig.3.6. In fact, we observed same pattern as it was in HOMO-LUMO gap energy vs

cluster size : peaks at n = 2, 8, 18, 20, 34, 40 and even-odd alternation due to the same

reasons discussed in the Sec. 3.3.2. and Sec. 3.3.3. Sudden loss in even-odd alternation

around n ∼ 40 is again confirmed from the Fig.3.6, which is due to the geometrical change

there.

3.4 Conclusion

Using tight-binding model we calculated ground state geometries, binding energies, second

differences in binding energy, HOMO-LUMO gap energies and ionization potentials for

copper clusters in the size range 2 ≤ n ≤ 55. We have fitted the parameters of the present

TB scheme from our previous ab initio calculations [80]. For small clusters n ≤ 9, present

results show good agreement with experimental [75, 76] and theoretical [77, 78, 79, 80,

91, 92, 93] results, which allow us to go over the larger size range, 10 ≤ n ≤ 55.

In the size range 10 ≤ n ≤ 55 most of the clusters adopt icosahedral geometry which

can be derived from the 13- atom icosahedron, the poly-icosahedral 19-, 23-, and 26-atom

clusters and 55-atom icosahedron, by adding or removing atoms. However, exceptions

to the icosahedral growth is found around n ∼ 40. A local geometrical transition is

found for n = 40 − 44- atom clusters. This is in agreement with the prediction of the

two experimental studies by Katakuse et al. [10, 11] and Winter et al. [12], where they

predicted that a local geometrical transition may occur at n = 42, though their results

are not decisive about the nature of this geometrical change. Present results show that

around n ∼ 40 structures are changing from icosahedral to decahedral structure, where

the structural sequence is decahedron-icosahedron-cub-octahedron in the decreasing order

of stability. Return to the icosahedral growth is found at n = 45, with the sequence

icosahedron-decahedron-cub-octahedron in the decreasing order of stability.

As we have fitted the parameters of the present TBMD scheme from LDA based
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ab initio calculations [80], calculated binding energies are in good agreement with the

LDA based ab initio calculations but overestimates the same calculated from the TCID

experiment [76]. In the present scheme, the “magic numbers” (n = 2, 8, 18, 20, 34 and

40) due to electronic shell and sub-shell closing are correctly reproduced in the studied

regime. Second difference of binding energy, HOMO-LUMO gap energy and ionization

potential show even-odd oscillatory behaviour because of electron pairing in HOMOs in

agreement with experiment. However, a sudden loss in even-odd alternation is found

around n ∼ 40 in the variation of second difference in binding energy, HOMO-LUMO

gap energy and ionization potential with cluster size. This is in agreement with the

experimental studies [10, 11, 12]. We conclude this is due to the geometrical change

(icosahedron → decahedron) around there. Present results show that electronic structure

can coexist with a fixed atomic packing.

Due to lower computational expense this TBMD scheme, with parameters fitted to

first-principle calculation for the smaller clusters and with an environment correction, is

a very efficient technique to study larger clusters, particularly with n ≥ 10.



Chapter 4

Structure, electronic and magnetic transition in

manganese clusters: An ab initio study

In this chapter, we shall discuss the electronic and magnetic properties of manganese

clusters (n = 2 - 20). To investigate this we have used the density functional approach

within a pseudo-potential method. Here we have used projector augmented wave (PAW)

formalism to construct the pseudo-potential. All these methods are briefly outlined in the

chapter 2. We observed a new kind of icosahedral structural growth in this size range.

A ferromagnetic to ferrimagnetic transition takes place at n = 5 and the ferrimagnetic

state continues to be the ground state for the entire size range discussed here. Presence

of multiple isomers with different atomic spin orientation is important to note. Intrinsic

magnetic orderings are in well agreement with the recent Stern-Gerlach experiments.

Furthermore, finite size systems are very good for studying the dependency of orbital

localization on coordination, which has been discuss in this chapter. No non-metal to

metal transition has been observed in this size range, which was previously argued form the

observed discontinuity in the reaction rate with molecular hydrogen. Before we proceed,

it is very important to point out that we have assumed only collinear alignment of spins

throughout this chapter. However, a spin canting or non-collinear spin ordering is possible

in small magnetic clusters, which we will discuss in the following chapter1.

1This chapter is based on the following chapters:

(1) Mukul Kabir, Abhijit Mookerjee and D.G. Kanhere, Structure, electronic properties and magnetic

transition in manganese clusters, Physical Review B 73, 224439 (2006).

(2) Mukul Kabir, Abhijit Mookerjee and D. G. Kanhere, Magnetism in pure and doped manganese

clusters: A review, Atomic and Molecular Clusters: New Research (Nova, New York, 2006).
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4.1 Introduction

The search for magnetic behavior in the transition metal clusters is motivated largely

by the desire to understand how magnetic properties change in the reduced dimension.

This is a question of considerable technological importance. Several unexpected magnetic

orderings have already been reported in the reduced dimension. This ranges from the

prediction of net magnetic moment in clusters of nonmagnetic (Rh [17]) or antiferromag-

netic (Cr [25] and Mn [26, 27]) bulk materials to the enhancement in magnetic moment

in clusters of ferromagnetic metals (Fe [18] and Co [19]-[23]). These have been discussed

in the chapter 1.

Manganese clusters are particularly interesting among all 3d transition metal elements

due to the 4s2, 3d5 electronic configuration in Mn atoms. Because of the filled 4s and

half-filled 3d shells and the large energy gap ∼ 8 eV between these levels and as well

as due to the high 4s23d5 → 4s13d6 promotion energy of 2.14 eV [4], Mn atoms do not

bind strongly. As a result, Mn2 is a weakly bound van der Waals dimer with reported

bond dissociation energy ranging from 0.1 ± 0.1 to 0.56 ± 0.26 eV depending upon the

different method of analysis [3]-[7]. This weak Mn− Mn bonding has been demonstrated

through the photo-dissociation experiments for Mn+
n (n ≤ 7) cluster cations [7, 100].

Consequently, the bulk α-Mn, which has a very complex lattice structure with 58 atoms

in the unit cell, has the lowest binding energy among all the 3d transition metal elements.

Magnetic properties of manganese clusters are rather unusual. According to Hund’s

rule, the half-filled localized 3d electrons give rise to large atomic magnetic moment of

5 µB. An early electron spin resonance (ESR) study suggested a magnetic moment of

5 µB/atom for very small Mn clusters [101]. However, Stern-Gerlach (SG) molecular

beam experiments on Mn5−99 clusters by Knickelbein recently revealed the net magnetic

moments ranging from 0.4 to 1.7 µB/atom [26, 27] (see Fig.4.1). This differs both from

the ferromagnetic (FM) small clusters and from the antiferromagnetic (AFM) bulk α-Mn.

This experimental results can be explained either way that the individual atomic moments

are small and ordered ferro-magnetically or the individual atomic moments remain large

(3) Mukul Kabir, Abhijit Mookerjee and D. G. Kanhere, Magnetism in pure and doped manganese

clusters, Vol-4 pp 1018-1021 (Brill Academic Publishers, The Netherlands, 2005).
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Cluster Size N Cluster Size  N

Figure 4.1: Plot of experimental magnetic moment as a function of clusters size N. This

has been measured through the Stern-Gerlach cluster beam experiment by Knickelbein

[26, 27]

.

but their orientation flips from site to site i.e., they are coupled ferri-magnetically. In the

SG experiment, it is important to note the relative decrease in the magnetic moment for

Mn13 and Mn19, as well as the relatively very large experimental uncertainty in the mea-

sured magnetic moment for Mn7 [26, 27]. In the present work, we will show that the local

minima for Mn13 and Mn19 arise due to their ‘closed’ icosahedral structures, whereas, the

large experimental uncertainty (± 58 % of the measured value) in the magnetic moment

of Mn7 is plausibly due to the production of different magnetic isomers (in addition with

statistical fluctuation) in the subsequent measurements.

Earlier all electron (AE) studies [102]-[104] found Mn−Mn FM ordering for Mnn (n >

4) clusters, which, in turn, is not consistent with the SG experiment. However, Nayak et

al. first predicted ferrimagnetic ground state for Mn13 with a total magnetic moment of

33 µB [105]. In consistent with the SG experiments, very recent AE studies by Parvanova

et al. [106, 107] (n =2-9, 12 and 13) and Jones et al. [108] (n = 5 and 6) reported fer-

rimagnetic ordering in Mnn clusters. Briere et al. [109] used ultra-soft pseudo-potentials

(US-PP) to study the intermediate size Mnn clusters (n = 13, 15, 19 and 23) and found

icosahedral structural growth with an exception for Mn15. However, their predicted mag-

netic moments differ widely from the experimental values. This might be attributed to

the reason that the US-PP may not be appropriate in describing the transition metals
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with large magnetic moments. This will be discussed briefly later in the section 7.2. Our

main motivation of this work is particularly driven by the SG experiments [26, 27]. Here

we shall investigate − (i) The structural and magnetic evolution of Mnn clusters, n=2-20.

(ii) The sudden drop in the magnetic moment at n=13 and 19 and the very large exper-

imental uncertainty in the measured magnetic moment for Mn7, and (iii) The possible

presence of isomers with different magnetic structures in the SG experimental molecular

beam.

It has also been found by Parks et al. that the Mnn clusters show a downward

discontinuity in their reaction rate with molecular hydrogen at n = 16, and this was

attributed to non-metal to metal transition in Mn16 [110]. But if this is indeed true then

there should be a downward decrease in the ionization potential too. However, no such

abrupt decrease has been seen in the measured ionization potential [111]. In this chapter,

we discuss both the spin gaps to investigate this issue.

4.2 Computational Details

The calculations are performed using density functional theory (DFT), within the pseudo-

potential plane wave method. We have used projector augmented wave (PAW) method

[59, 60] and Perdew-Bruke-Ernzerhof (PBE) exchange-correlation functional [48] for spin-

polarized generalized gradient correction (GGA) as implemented in the Vienna ab-initio

Simulation Package (VASP) [112]. The 3d and 4s electrons are treated as valence electrons

and the wave functions are expanded in the plane wave basis set with the kinetic energy

cut-off 337.3 eV. Reciprocal space integrations are carried out at the Γ point. Symmetry

unrestricted geometry and spin optimizations are performed using conjugate gradient and

quasi-Newtonian methods until all the force components are less than a threshold value

0.005 eV/Å. Simple cubic super-cells are used with the periodic boundary conditions,

where two neighboring clusters are kept separated by at least 12 Å vacuum space. For

each size, several initial geometrical structures have been considered. To get the ground

state magnetic moment we have explicitly considered all possible spin configurations for

each geometrical structure. For transition metals with large magnetic moments, the PAW

method seems to be more appropriate (as good as the AE calculations) than the US-PP
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approach [60]. The US-PP overestimates the magnetization energies and this overesti-

mation is even more large for GGA calculations than local spin density approximation

(LSDA). This is due to the fact that the GGA functionals are more sensitive to the shape

of the wave functions than the LSDA functionals. However, the difference between these

two methods, US-PP and PAW, are solely related to the pseudization of the augmenta-

tion charges in the US-PP approach, which can be removed by choosing very accurate

pseudized augmentation function, which is then computationally expensive.

The binding energy per atom is calculated as,

Eb(Mnn) =
1

n
[E(Mnn) − n E(Mn)] , (4.1)

n being the size of the cluster. The local magnetic moment M, at each site can be

calculated as,

M =
∫ R

0

[
ρ↑(r) − ρ↓(r)

]
dr, (4.2)

where ρ↑(r) and ρ↓(r) are spin-up and spin-down charge densities, respectively and R is

the radius of the sphere centering the atom. For a particular cluster, R is taken such

that no two spheres overlap i.e., R is equal to the half of the shortest bond length in that

cluster.

4.3 Results and discussions

4.3.1 Small Ferromagnetic Clusters (Mn2 - Mn4)

Theory and experimental reports are in contradiction for the Mn2 dimer. More than 30

years ago, Nesbet [113] calculated binding energy, bond length and magnetic moment of

the dimer at the restricted Hartree-Fock (RHF) level and predicted an antiferromagnetic

(AFM) ground state with bond length 2.88 Å. Later on, unrestricted Hartree-Fock cal-

culation was done by Shillady et al. [114] and found a ferromagnetic (FM) ground state

with total spin 10 µB and bond length 3.50 Å. The experiments based on resonant Raman

spectroscopy [115] and ESR (Electron Spin Resonance) [116] predicted an AFM ground

state with a bond length 3.4 Å. However, all DFT calculations [80, 104, 103, 117] within

different levels of approximation and using different exchange-correlation functionals, pre-
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dict a FM ground state with much smaller bond length, ∼ 2.60 Å than the experimental

bond length. A comparison among different levels of theory is given in the Table 4.1.

Table 4.1: Summary of binding energy (Eb), bond length (Re) and magnetic moment (µ)

of Mn2 reported by various authors.

Authors Method Eb (eV) Re (Å) µ (µB)

Nesbet [113] RHF + Heisenberg exchange 0.79 2.88 0

Wolf and Schmidtke [118] RHF 1.52 0

Shillady et al. [114] UHF 0.08 3.50 10

Fujima and Yamaguchi [119] LSDA 0.70 3.40 0

Harris and Jones [120] LSDA 1.25 2.70 10

Salahub and Baykara [121] LSDA 0.86 2.52 0

Nayak et al. [103] All-electron + GGA (BPW91) 0.91 2.60 10

Parvanova et al. [117] All-electron + GGA (PBE) 0.98 2.60 10

Kabir et al. [80] Pseudopotential + GGA (PBE) 1.06 2.58 10

Pederson et al. [104] All-electron + GGA 0.99 2.61 10

Experiment ESR in rare-gas matrix [116] 0.1 ± 0.1 3.4 0

Due to the filled 4s and half-filled 3d electronic configuration, as well as high (2.14

eV) 4s2 3d5 → 4s 3d6 promotion energy Mn atoms do not bind strongly as two Mn atoms

come closer to form Mn2 dimer, and as a result Mn2 is very weakly bond van der Walls

dimer, which is also evident from the low experimental value, 0.01 ± 0.1 — 0.56 ± 0.26

eV. However, no experimental results available in the gas-phase and all the experiments

are done in the gas matrix, and therefore, it is quite possible that the Mn atoms interact

with the matrix, which could stretch Re and could lead to the AFM ground state.

From the Table 4.2, we see that Re decreases monotonically as the net moment de-

creases. It is simply because the reduction of the atomic spacing leads to comparatively

stronger overlap of the atomic orbitals which reduces the magnetic moment.

The case of Mn3 is extremely interesting as it could have either FM or a frustrated AFM

structure. We have studied triangular and linear structures. An equilateral triangular FM

state with total moment 15 µB is found to be the ground state with bond lengths 2.74

Å and binding energy 0.82 eV/atom. The frustrated AFM state with total moment 5
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Table 4.2: The binding energy and equilibrium bond length of Mn2 dimer for all possible

spins.

spin Binding energy (eV) Bond length

0 (AFM) 0.51 2.57

2 0.44 1.53

4 unbound 1.73

6 unbound 1.94

8 0.47 2.24

10 1.06 2.58

µB(3, 0.00 eV, 15    ) µB(3, 0.05 eV, 5  ) µB)(4, 0.00 eV, 20

µB)(4, 0.08 eV, 10 µB)(4, 0.20 eV, 8 µB)(4, 0.20 eV, 0

2.74

2.50

2.46

2.70

2.67

2.51

2.65

2.50

2.
72

2.51

2.72

Figure 4.2: Atomic spin ordering of the ground state and low-lying isomers for

Mn3 and Mn4 clusters. Numbers in the parenthesis represent number of atoms

in the cluster, relative energy to the ground state and total magnetic moment,

respectively. Bond lengths are given in Å. Blue (Gray) color represents up or

positive and red (dark gray) represents down or negative magnetic moment. We

will follow the same convention throughout.

µB is found to be nearly degenerate with the FM ground state (lies only 0.05 eV higher

in energy). This has an isosceles triangular structure with one long and two short bond

lengths of 2.50 and 2.45 Å, respectively (Fig.4.2). The resonance Raman spectra studies

by Bier et al. [115] suggest the ground state to be Jahn-Teller distorted D3h structure

with an odd integer magnetic moment.
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µΒ)(5, 0.00 eV, 3 µΒ)(5, 0.06 eV, 13 µΒ)(5, 0.07 eV, 5

µΒ(6, 0.00 eV, 8 ) µΒ(6, 0.02 eV, 2      ) µΒ(6, 0.05 eV, 16       )

µΒ(6, 0.14 eV, 26        ) µΒ(7, 0.00 eV, 5      ) µΒ(7, 0.09 eV, 7      )

µΒ(7, 0.19 eV, 3      ) µΒ(8, 0.00 eV, 8       ) µΒ (8, 0.00 eV, 12       ) 

µΒ(8, 0.04 eV, 10        ) µΒ(9, 0.00 eV, 7       ) µΒ(9, 0.10 eV, 13       )

µΒ(9, 0.15 eV, 7       ) µΒ(9, 0.21 eV, 9       ) µΒ(10, 0.00 eV, 14       )

µΒ(10, 0.01 eV, 10       ) µΒ(10, 0.01 eV, 4       ) µΒ(10, 0.01 eV, 4       )
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Figure 4.3: Atomic spin ordering of the ground and isomeric geometries for n =

5-10. Same ordering has been followed as in the Table 4.3.

For the Mn4 cluster, we examined three different conformations: square, rhombus and

tetrahedron. A perfect tetrahedral structure with bond lengths 2.7 Å and binding energy
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1.18 eV/atom is the ground state, where Mn−Mn coupling is FM with total moment 20

µB (Fig.4.2). Three isomers are found and all of them are tetrahedral. A ferrimagnetic

state with total moment 10 µB is only 0.08 eV higher in energy. Another ferrimagnetic

state with total moment 8 µB is found to be degenerate with the AF state with no net

moment and they are 0.20 eV higher in energy. In all these optimal structures the distances

between two similar spins (d↑↑ or d↓↓) are larger than those of between two opposite spins

(d↑↓). Our results are consistent with the previous AE calculations [102]-[107]. Ludwig et

al. [122] have studied Mn4 in solid silicon and observed a 21-line hyperfine pattern that

not only establishes the four atoms to be equivalent, but also the total moment to be

20 µB. However, the present results can not directly be compared with this experiment

because of possible Si(matrix)-Mn interaction and there is no available report of magnetic

ordering for Mn4 in its gas phase.

4.3.2 Mn5 - Mn10

As the number of atoms in the cluster (n) increases the determination of the structural

and magnetic ground state becomes a very delicate task as the number of local minima

in the corresponding potential energy surface increases exponentially with n. Therefore,

more than one geometric and/or magnetic structures of comparable stability are possible.

In the Fig.4.3 we depict the atomic and magnetic structures for the ground state as well

as for the closely lying isomers for the size range n = 5-10. As it is mentioned earlier,

to hit the ground state more reliably, we have studied all possible spin multiplicities for

several geometric structures for a particular cluster size n. Calculated binding energies,

relative energies, magnetic moments and two spin gaps are given in the Table 4.3, Table

4.4 and Table 4.5 for the entire size range n = 2-20.

For the Mn5 cluster, a square pyramid and a triangular bi-pyramid (TBP) were stud-

ied. Transition in the magnetic order, from FM to ferrimagnetic, is found. A ferrimagnetic

TBP is found to be the ground state with total spin 3 µB. The next two isomers are also

ferrimagnetic in nature with total spins 13 µB and 5 µB. Both of these structures also

have TBP structure and lie 0.06 and 0.07 eV, respectively, higher in energy. The next

lowest energy arrangement is FM and also has a TBP structure with total spin 23 µB
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Table 4.3: Binding energy, relative energy to the GS (△E = E−EGS), magnetic moment

(with a comparison to the SG experiment [26, 27]) and different spin gaps, △1 and △2,

for Mnn (n = 3—10) clusters.

Cluster Eb △E Magnetic Moment Spin Gaps

(eV/atom) (eV) (µB/atom) (eV)

Theory SG Exp. [26, 27] δ1 δ2
Mn3 0.82 0.00 5.00 − 0.73 1.27

0.81 0.05 1.67 0.63 0.58

Mn4 1.18 0.00 5.00 − 0.66 2.35

1.16 0.08 2.50 0.45 0.85

1.13 0.20 0.00 0.41 0.41

1.13 0.20 2.00 1.12 0.21

Mn5 1.41 0.00 0.60 0.79 ± 0.25 1.03 0.30

1.40 0.06 2.60 0.97 0.37

1.40 0.07 1.00 0.16 0.65

1.37 0.19 4.60 0.55 0.77

Mn6 1.57 0.00 1.33 0.55 ± 0.10 0.48 0.35

1.56 0.02 0.33 0.40 0.31

1.56 0.05 2.67 0.86 0.32

1.54 0.14 4.33 0.98 1.16

Mn7 1.73 0.00 0.71 0.72 ± 0.42 0.45 0.65

1.71 0.09 1.00 0.56 0.23

1.70 0.19 0.43 0.51 0.13

Mn8 1.77 0.00 1.00 1.04 ± 0.14 0.61 0.20

1.77 0.00 1.50 0.40 0.41

1.77 0.04 1.25 0.35 0.25

Mn9 1.87 0.00 0.78 1.01 ± 0.10 0.49 0.36

1.86 0.10 1.44 0.24 0.60

1.85 0.15 0.78 0.30 0.34

1.84 0.21 1.00 0.24 0.36

Mn10 1.94 0.00 1.40 1.34 ± 0.09 0.27 0.44

1.94 0.01 1.00 0.69 0.13

1.94 0.01 0.40 0.36 0.41

1.94 0.01 0.40 0.37 0.20
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and lies 0.19 eV higher in energy. Our results are in agreement with the very recent AE

calculations [106] -[108]. However, previously the FM ground state was predicted by both

Nayak et al. [102, 103] and Pederson et al. [104]. In the recent SG experiment [27], mag-

netic moment was found to be 0.79±0.25 µB/atom, which is very close to our predicted

value 0.60 µB/atom for the ground state.

We have investigated both the octahedral and the capped trigonal bi-pyramid for

Mn6 cluster. A ferrimagnetic octahedral structure with total spin 8 µB is found to be the

ground state with binding energy 1.57 eV/atom. Another octahedral ferrimagnetic isomer

with total moment 2 µB is nearly degenerate (0.02 eV higher in energy). The next isomer

is also a ferrimagnetic octahedra, which possess a total moment of 16 µB and lies 0.05 eV

higher. The next favorable isomer is FM and has a total moment 26 µB and is 0.14 eV

higher than the ground state. In an earlier calculation, Pederson et al. [104] predicted a

FM octahedral structure with moment 4.33 µB/atom to be the ground state. However, in

agreement with the recent AE-DFT calculations [106]-[108], present calculation predicts

the same ground state and isomers. Experimentally measured magnetic moment 0.55 ±
0.10 µB/atom [27] lies between that of our predicted ground state, 1.33 µB/atom and

the first isomer, 0.33 µB/atom, which are almost degenerate. It is possible that in the

SG experimental beam, multiple isomers were produced such that the measured value is

almost an average of the ground state and the first isomer.

We have considered pentagonal bi-pyramid (PBP), capped octahedron and bi-capped

trigonal pyramid as the possible candidates for the ground state of Mn7. The most

stable configuration is a PBP structure with ferrimagnetic spin ordering, which has a

total moment 5 µB. The next two closest isomers also have ferrimagnetic arrangements

with 7 µB and 3 µB total moments and they lie 0.09 eV and 0.20 eV higher than the

ground state, respectively. Our ground state magnetic moment agrees with the earlier

calculations [106, 107, 123], though we predict isomers with different spin arrangements.

However, Pederson et al. predicted a FM ground state [104]. Present ground state

magnetic moment per atom exactly matches with the experimental value, 0.72 ± 0.42

µB/atom [27]. We would like to note the rather large uncertainty here. We argue that

the plausible presence of these isomers, with total moments 7 µB and 3 µB along with the

ground state (5 µB), in the SG beam might lead to this high uncertainty in the measured
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value.

Motivated by our study on Cu8 [124, 125], (which have been discussed in the chapter

3), we investigated three different geometries for Mn8, viz, capped pentagonal bi-pyramid

(CPBP), bi-capped octahedron (BCO) and tri-capped trigonal bi-pyramid (TCTBP). The

BCO structure with total moments 8 µB and 12 µB are found to be degenerate ground

state. Another BCO structure with total moment 10 µB lies only 0.03 eV higher in

energy. The SG cluster beam experiment has reported a magnetic moment of 1.04 ± 0.14

µB/atom [27], which is nearly an average of our predicted values. Therefore, our present

DFT study together with the experiment in turn indicate the possible presence of these

three isomers in the experimental beam with almost equal statistical weight. The optimal

CPBP and TCTBP structures have total moments 14 µB and 12 µB, respectively and

they lie 0.31 and 0.4 eV higher than the ground state. Parvanova et. al. [107] found

CPBP structure to be the most stable, however, their predicted magnetic moment is very

small, 4 µB, compared to both of our value and the SG experiment. Pederson et. al. [104]

predicted a FM BCO structure with moment 32 µB as the ground state. The optimal

FM structure for all the three geometrical structures have total moment 32 µB and lie

1.01, 0.63 and 1.17 eV higher in energy compare to their respective optimal ferrimagnetic

structure, respectively for BCO, CPBP and TCTBP structures.

For the Mn9 cluster, as initial configuration we took three stable isomers found for Cu9

[124, 125] and a capped and a centered anti-prism structure. The optimal structure is a

centered anti-prism structure with total moment 7 µB, which is in very good agreement

with the experimental value 1.01 ± 0.10 µB/atom [27]. The local magnetic moment M
(as calculated form the equation 4.2) shows strong environment dependency due to the

anisotropy in bonding. TheM of the highly coordinated central atom is very small, −0.22

µB, whereas those of the surface atoms are quite high and lie between 3.45 and 3.75 µB.

Parvanova et al. [107] have found a similar structure but with different spin configuration

with total moment 9 µB to be the optimal structure. The next two isomers have the same

geometry and have 13 and 7 µB total magnetic moment (Fig.4.3 and Table 4.3). The

next isomer is a bi-capped pentagonal bi-pyramid, which lies 0.21 eV higher with a total

moment of 9 µB. The optimal capped anti-prism structure lies 0.23 eV higher and has a

total moment of 7 µB. Note that, all these structures have 5 spin-up (N↑) atoms and 4
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Table 4.4: Binding energy, relative energy to the GS (△E = E−EGS), magnetic moment

(with a comparison to the SG experiment [26, 27]) and different spin gaps, △1 and △2,

for Mnn (n = 11—15) clusters.

Cluster Eb △E Magnetic Moment Spin Gaps

(eV/atom) (eV) (µB/atom) (eV)

Theory SG Exp. [26, 27] δ1 δ2
Mn11 1.99 0.00 0.82 0.86 ± 0.07 0.26 0.29

1.98 0.11 0.46 0.34 0.20

1.98 0.15 0.64 0.10 0.45

Mn12 2.08 0.00 1.33 1.72 ± 0.04 0.48 0.26

2.08 0.05 0.33 0.40 0.30

2.07 0.11 1.50 0.05 0.45

Mn13 2.17 0.00 0.23 0.54 ± 0.06 0.34 0.38

2.16 0.08 0.54 0.36 0.20

Mn14 2.17 0.00 1.29 1.48 ± 0.03 0.23 0.24

2.17 0.02 1.43 0.24 0.31

2.17 0.05 1.57 0.25 0.32

Mn15 2.23 0.00 0.87 1.66 ± 0.02 0.36 0.27

2.23 0.03 0.33 0.16 0.29

2.23 0.06 0.47 0.20 0.23

2.23 0.06 0.87 0.27 0.36

2.23 0.06 1.00 0.25 0.45

2.21 0.28 0.47 0.39 0.35

spin-down (N↓) atoms.

Different tri-capped pentagonal bi-pyramidal structures along with different tetra

capped octahedral structures were tried as initial structures for Mn10. Four isomers exist

with almost the same energy. They lie within ∼ 0.01 eV energy (see Table 4.3 and Fig.

4.3). All of these have a pentagonal ring and could be derived by removing 3 atoms from

a 13-atom icosahedra. Ground state has a total magnetic moment 14 µB, which is very

close to the SG experimental value, 1.34 ± 0.09 µB/atom [27].
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Table 4.5: Binding energy, relative energy to the GS (△E = E−EGS), magnetic moment

(with a comparison to the SG experiment [26, 27]) and different spin gaps, △1 and △2,

for Mnn (n = 16—20) clusters.

Cluster Eb △E Magnetic Moment Spin Gaps

(eV/atom) (eV) (µB/atom) (eV)

Theory SG Exp. [26, 27] δ1 δ2
Mn16 2.27 0.00 1.25 1.58 ± 0.02 0.33 0.22

2.27 0.02 1.38 0.19 0.52

2.27 0.06 0.63 0.28 0.35

2.27 0.10 0.50 0.30 0.20

Mn17 2.33 0.00 1.59 1.44 ± 0.02 0.25 0.37

2.32 0.08 1.47 0.25 0.09

2.32 0.09 1.71 0.14 0.70

Mn18 2.35 0.00 1.67 1.20 ± 0.02 0.36 0.30

2.35 0.02 1.56 0.34 0.33

2.35 0.02 1.44 0.35 0.25

2.35 0.06 1.78 0.18 0.55

Mn19 2.37 0.00 1.10 0.41 ± 0.04 0.19 0.22

2.37 0.01 1.00 0.24 0.16

2.37 0.08 0.47 0.22 0.15

Mn20 2.37 0.00 1.40 0.93 ± 0.03 0.39 0.19

2.37 0.00 1.50 0.21 0.20

2.37 0.05 1.60 0.12 0.35

2.37 0.07 0.80 0.30 0.21

4.3.3 Intermediate size clusters: Mn11 - Mn20

All the intermediate sized clusters with n = 11-20 are found to adopt an icosahedral growth

pattern. The ground state structures and the few isomers along with their corresponding

spin arrangements are shown in the Fig.4.4. An icosahedral structure without one apex

atom is found to be the ground state for the Mn12 cluster. This structure has N↑ = 8

and N↓ = 4 spin configuration with a total moment of 16 µB. This value is close to the

experimentally measured value of 1.72 ± 0.04 µB/atom [26, 27]. Recently Parvanova et
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µΒ)(11,0.00eV,9 (12,0.00eV,16 µ )Β (13,0.00eV,3  µΒ) (13,0.89eV,9µΒ) (13,1.12eV,11µΒ) (14,0.00eV,18µΒ)

(15,0.00eV,13µΒ) (15,0.06eV,13µΒ) (16,0.00eV,20µΒ) (16,0.06eV,10µ Β)  (17,0.00eV,27µΒ) (17,0.44eV,21µΒ)

(20,0.00eV,28µΒ) (20,0.07eV,16µΒ)(19,1.53eV,17µΒ)(19,0.08eV,9µΒ)(19,0.00eV,21 µΒ)(18,0.00eV,30 µΒ)

Figure 4.4: The ground state and a few higher energy structures for the size

range n = 11 − 20. Note the grouping of the same kind of spins.

al. predicted the same geometrical structure but with comparatively smaller, 1 µB/atom,

magnetic moment [107]. We have found two closely lying isomers, which have the same

geometrical structure with total moments 4 µB and 18 µB (Table 4.4). Another possible

icosahedral structure without the central atom lies much higher in energy.

The obvious candidates for the Mn13 cluster are the icosahedral, hexagonal close

packed (HCP) and cub-octahedral structures. The variation of total energy as a function

of the total magnetic moment is plotted in the Fig.4.5 for all these three conformations.

The icosahedral structure is found to be the ground state with N↑ = 7 spin structure.

The two pentagonal rings are AFM coupled for this structure (Fig.4.4). Consequently, the

magnetic moment is found to be small, 0.23 µB/atom. This predicted magnetic moment

is much smaller than those of its neighboring Mn12 and Mn14 clusters (Fig.4.7), what

has been indeed predicted by the SG experiment [26, 27]. Although, the present value

is much lower than the experimental value of 0.54 ± 0.06 µB/atom [27]. However, we

have found another icosahedral isomer with magnetic moment exactly the same with the
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Figure 4.5: Plot of the total energy as a function of total magnetic moment

S(= N↑−N↓) for icosahedral, hexagonal closed pack and cub-octahedral confor-

mations for Mn13 cluster.

experimental value, which lies only 0.08 eV higher in energy (Table 4.4). This structure

also has N↑ = 7. Recently, Parvanova et al. predicted similar magnetic ordering [107].

The optimal HCP and cub-octahedral structures (Fig.4.4) have relatively higher magnetic

moments 9 µB (N↑ = 7) and 11 µB (N↑ = 8) , respectively, and they lie much higher in

energy, 0.89 eV and 1.12 eV, respectively. Nayak et al. first predicted a ferrimagnetic

state for Mn13. However, their predicted magnetic moment is quite high (33 µB): all the

surface atoms are anti-ferromagnetically coupled with the central atom [105].

The ground state of Mn14 is the first complete icosahedra with a single atom capping.

This structure has N↑ = 9, with a magnetic moment 1.29 µB/atom. In this structure

the magnetic coupling between the two pentagonal rings is FM, which was coupled anti-

ferromagnetically in the case of Mn13 and consequently, it has small magnetic moment.

The next two isomers lie very close to the ground state: they lie only 0.02 eV and 0.05

eV higher and have 1.43 and 1.57 µB/atom magnetic moment, respectively. These two
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isomers (not shown in Fig.4.4) have the same N↑ = 9 spin structure, but with their

different positional arrangement. The experimentally predicted magnetic moment, 1.48

± 0.03 µB/atom, is an average of the ground state and the two isomers (Table 4.4), which

again indicates that these isomers might be produced along with the ground state in the

SG experiment.

The discrepancy between the present theoretical and experimental magnetic moment

is rather large for Mn15. The present value is 0.87 µB/atom, whereas the corresponding

experimental value is 1.66 ± 0.02 µB/atom. We have also found several isomers (Table

4.4), but none of them are close to the experimental value. The ground state and all the

closely lying isomers within ∼ 0.1 eV energy spacing are of derived icosahedral structure.

The two competing icosahedral structures with 5,1,5,1,3 and 1,5,1,5,1,2 staking (i.e. with-

out or with the apex atom) are possible (Fig.4.4). The first kind of structure is found

to be the ground state, whereas the optimal structure for the second kind lies 0.06 eV

higher with a magnetic moment 13 µB (Fig.4.4). Another structure of the second kind

is found to be degenerate with this isomer, which has a magnetic moment 7 µB (Table

4.4). However, using US-PP Briere et al. found a body-centered cubic structure to be the

ground state with much smaller magnetic moment, 0.20 µB/atom [109]. In the present

case this body-centered cubic kind of structure lies 0.28 eV higher (Table 4.4).

The same structural trend is observed in the case of Mn16, the two different competing

geometries have been found to be the possible candidates for the Mn16 cluster. Both

of these structures can be derived from the 19-atom double icosahedra, which has a

1,5,1,5,1,5,1-atomic staking. The ground state has a magnetic moment 1.25 µB/atom with

N↑ = 9 spin structure. This structure has 5,1,5,1,4-atomic staking: both the apex atoms

and one atom from the lower pentagonal ring are missing from the double icosahedra. The

next isomer has the same atomic arrangement and is almost degenerate, which lies only

0.02 eV higher. This has 1.38 µB/atom magnetic moment and the same (N↑ = 9) spin

ordering. For both of these structures the central pentagonal ring is anti-ferromagnetically

coupled with the upper and lower (incomplete) pentagonal ring. The experimentally

predicted value, 1.58 ± 0.02 µB, [26, 27] is very close to these predicted values and

confirms the corresponding ground state to be really of this ‘strange’ staking. The next two

isomers have a different icosahedral geometry and have comparatively smaller magnetic
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moment, 0.63 (Fig. 4.4) and 0.50 µB/atom. They lie 0.06 and 0.1 eV higher, respectively.

Both of them have 1,5,1,5,1,3 staking, i.e. the 13-atom icosahedra is complete. The two

complete pentagonal rings are anti-ferromagnetically coupled. All these structures have

same number of N↑ and N↓ but have two different class of atomic arrangements, which is

consequently the reason for their large difference in the magnetic moment.

The Mn17 cluster follows the same structural trend seen in both Mn15 and Mn16. The

ground state is a double icosahedra without both the apex atoms, i.e. it has 5,1,5,1,5

staking. The spin structure is N↑ = 10 and the central pentagonal ring is AFM coupled

with the other rings. This structure has a magnetic moment of 1.59 µB/atom, which is

in excellent agreement with the experiment, 1.44 ± 0.02 µB/atom [27]. The next two

isomers also have the same conformation as well as the same spin structure. For this

size the structure of the second kind i.e. the icosahedral structure with one apex atom

(Fig.4.4) lies rather higher in energy. To our knowledge, there is no available report for

any other elements where this kind of staking has been observed to be the ground state

for Mn15 − Mn17 clusters.

The Mn18 is the 19-atom double icosahedra without one apex atom. The predicted

magnetic moment is 1.67 µB/atom, whereas the experimental value is slightly smaller,

1.20 ± 0.02 µB/atom [27]. Next two isomers are nearly degenerate and have 1.56 and

1.44 µB/atom magnetic moment (Table 4.5). For all these structures the integrated

magnetization densities M for the central pentagonal bi-pyramid are negative (Fig. 4.4).

The double icosahedral conformation is found to be the ground state for Mn19. The

predicted magnetic moment is 1.10 µB/atom (Fig. 4.4), which is smaller than those of

its neighboring clusters, what has been predicted by the experiment [26, 27]. Another

magnetic structure has been found to be degenerate with 1 µB/atom magnetic moment

(not shown in Fig. 4.4). Both of the structures have N↓ = 7 and the central pentagonal

ring is AFM coupled with the other two rings. However, the predicted magnetic moment

is larger than the experimentally measured value, 0.41 ± 0.04 µB/atom [27]. In our case a

magnetic structure with a magnetic moment 0.47 µB/atom (N↓ = 9), which is very close

to the experimentally measured value, lies only 0.08 eV higher in energy (Fig 4.4). The

optimal FCC structure lies much higher, 1.53 eV, in energy, which is shown in Fig. 4.4.

Two degenerate ground states have been found with 1.40 and 1.50 µB/atom magnetic
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moment for Mn20 cluster. Both the structures have N↓ = 7 (Fig. 4.4) spin configuration

and the conformation can be seen as a singly capped 19-atom double icosahedra. The

central pentagonal ring is anti-ferromagnetically coupled with the other two rings. The

predicted ground state magnetic moment is larger than the experimental value, 0.93 ±
0.03 µB/atom [27]. However, a different spin structure (N↓ = 8) with magnetic moment

0.80 µB/atom, which is close to the experimentally predicted value, lies only 0.07 eV

higher (Fig. 4.4).

In the intermediate size range, the grouping of like spin atoms i.e spin segregation

occurs (Fig. 4.4). For a particular sized cluster, we find that the ferromagnetically

aligned atoms have longer average bond lengths than those of the anti-ferromagnetically

aligned ones. This is because of the Pauli repulsion.

4.3.4 Binding Energies

The size dependence of the ground state binding energy for Mnn clusters (n =2-20)

is shown in Fig. 4.6. Due to the lack of hybridization between the half-filled 3d and

filled 4s states and due to high 4s23d5 → 4s13d6 promotion energy, the Mn2 dimer is a

weakly bound dimer, which is a characteristic of van der Waals bonding [3]-[6]. As the

number of atoms in the cluster increases, the binding energy increases monotonically due

to the increase in the s − d hybridization. However, it remains weak as compared to

the other transition metal clusters in the same size range. This weak bonding has been

demonstrated through the photo-dissociation experiments for Mn+
n (n ≤ 7) cluster cations

[7, 100]. However, the situation is improved [126] when an As-atom is doped to the Mnn

clusters, the binding energies of the resultant MnnAs clusters increase substantially due to

their hybridized s− d electrons bond with the p electrons of As. This would be discussed

in detail in the chapter 6. Similar enhancement in bonding has also been seen due to the

single nitrogen doping [127].

Upon extrapolation of the linear fit to the binding energy per atom data to 1/n → 0

(Fig.4.6(a)), we obtained the binding energy for an infinitely large cluster as 2.80 eV,

which is very close to the experimental AF bulk α-Mn (2.92 eV). It is important here to

note the kinks observed at n = 7 and 13 in the binding energy curve (Fig.4.6). These kinks
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Figure 4.6: Plot of binding energy per atom as a function of cluster size n for

the entire size range 2 ≤ n ≤ 20. (a) Plot of the same as a function of 1/n for

the ferrimagnetic clusters, 5 ≤ n ≤ 20 and a linear fit (B.E. = −8.20 1
n
+ 2.80)

to the data. (b) Plot of second difference, ∆2E in energy, which represents the

relative stability.

represent enhanced stability rendered by their ‘closed’ geometric structures: Mn7 is PBP

and Mn13 is the first complete icosahedra. If this argument is valid then there should also

be a kink at n = 19, due to the fact it has double icosahedral structure. But we do not see

any prominent kink in the binding energy curve. So, it will be interesting to investigate

the second difference in the binding energy, ∆2E(n) = E(n+1)+E(n−1)−2E(n), where

E(n) represents the total energy of an n−atom cluster. As ∆2E(n) represents stability of

the corresponding cluster compared to its neighbors, the effect will be prominent. ∆2E

is plotted in the Fig.4.6(b), where we see a peak for Mn19 too along with n = 7 and 13.

However, in addition, without any a priory reason, we observe another peak at n = 17,

which does not have ‘closed’ structure (a double icosahedra without two apex atoms).
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Figure 4.7: Size dependent variation of magnetic moment. For the size range 5

≤ n ≤ 20, it shows excellent agreement with the SG experiment. Isomers which

lie very close to the corresponding GS energy are also shown.

4.3.5 Transition in magnetic ordering

For very small clusters, n ≤4, the magnetic coupling is found to be FM with magnetic

moments 5 µB/atom, which is the Hund’s rule value for an isolated Mn atom. Although

we see that for Mn3 cluster the FM solution is nearly degenerate with the frustrated

AFM solution. The size dependence of the magnetic moment per atom is plotted in

the Fig.4.7. We see the transition in the magnetic coupling (from FM to ferrimagnetic)

takes place at n = 5 and the ferrimagnetic states continue to be the ground state for the

entire size range n =5-20. Fig.4.7 shows a very good agreement between experimentally

measured and our predicted magnetic moments. It was seen in the SG experiment that the

experimental uncertainty in measuring the magnetic moment decreases with the cluster

size. However, this is not the case for Mn7, for which the measured uncertainty is quite

large (0.72±0.42 µB, ±58% of the measured value) as compared to the neighboing sizes.

This large uncertainty might arise from the presence of isomers with different magnetic
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Figure 4.8: Plot of △E(Ferri−FM) as a function of cluster size n.

moments in the SG beam for subsequent measurements. However, in addition with the

statistical fluctuation, the above explanation only stands for a plausible reason as for all

other sizes we did find many isomers with different magnetic moments (see Table 4.3 and

Fig.4.7), but the corresponding experimental uncertainty is not that large. One another

striking feature observed in the experiment is the sudden decrease in the magnetic moment

at n=13 and 19, compared to their neighbors. Our calculation reproduces this feature.

This is attributed to their ‘closed’ icosahedral structures: first complete icosahedra for

Mn13 and a double icosahedra for Mn19. The other geometries studied viz. hexagonal

closed packed and cub-octahedral structures for Mn13 and a face-centered cubic structure

for Mn19 lie much higher in energy, 0.89 eV (9 µB), 1.12 eV (11 µB) and 1.53 eV (17 µB),

respectively, than their corresponding ground state.

In the Fig.4.7 we have depicted the magnetic moments of the very closely lying isomers

with their ground state (see Table 4.3, Table 4.4, and Table 4.5) and while comparing those

with the experimentally observed values, we come to the conclusion that for a particular

size of cluster, the isomers with different magnetic moments are likely to be present in

the SG cluster beam with a statistical weight and essentially, the measured moment is

the weighted average of those isomers. We calculate the energy difference between the
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Figure 4.9: The s-, p- and d-projected density of states for the central and surface

atoms for Mn13 and Mn19 in their ground state. Gaussian broadening of half-

width 0.1 eV has been used. Integrated magnetization density M for each atom

is given in the box.

optimal FM and optimal ferrimagnetic solutions, △E(Ferri−FM) = E(Ferri)−E(FM), and

plot them as a function of cluster size n in the Fig.4.8. For both Mn3 and Mn4 the FM

solutions are slightly lower in energy than those of their respective optimal ferrimagnetic

solutions, whereas the optimal FM solutions are slightly higher than the corresponding

ferrimagnetic ground states for Mn5 and Mn6. Thereafter, as the cluster size increases,

this energy difference, △E(Ferri−FM), increases almost monotonically indicating that the

optimal FM solutions become more and more unlikely. All these optimal FM states have

∼ 4 µB/atom magnetic moments.

4.3.6 Coordination and the d-electron localization

The angular momentum projected local density of states (LDOS) show interesting site

dependency. The s-, p- and d-projected LDOS for the central and surface atoms are

plotted in the Fig.4.9 for the Mn13 and Mn19 clusters. We see only d-projected LDOS are

significant and are of great interest here. The d-projected LDOS of both Mn13 and Mn19
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for the central atoms are broad for both majority and minority spin states, which are also

reflected through their small values of the integrated spin densities M (1.42 and -1.41 µB

for Mn13 and Mn19, respectively). The broadening occurs due to the high coordination

of the central atom. On the other hand, the d-projected LDOS of the surface atoms are

rather localized and the majority spins are nearly fully occupied, which is in agreement

with the relatively large local magnetic moments of the surface atoms (3.60 and 3.44 µB

for Mn13 and Mn19 , respectively).

4.3.7 Spin gaps: Nonmetal − metal transition?

A spin arrangement in any magnetic clusters is magnetically stable only if both the spin

gaps,

δ1 = −
[
ǫmajority
HOMO − ǫminority

LUMO

]

δ2 = −
[
ǫminority
HOMO − ǫmajority

LUMO

]
, (4.3)
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Figure 4.10: Plot of spin gaps as a function of cluster size n. See Table 4.3, Table

4.4 and Table 4.5 for the numerical values.
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are positive, i.e. the lowest unoccupied molecular orbital (LUMO) of the majority spin

lies above the highest occupied molecular orbital (HOMO) of the minority spin and vice

versa. We find these two spin gaps to be positive for all the clusters (Table 4.3, Table 4.4

and Table 4.5) discussed here and are plotted in the Fig.4.10. The δ1 and δ2 have local

structures, but generally decreases slowly as the coordination increases with cluster size.

Parks et al. found that the Mnn clusters with n ≤ 15 are not reactive toward molecular

hydrogen, whereas they form stable hydrides at and above n = 16, and the reaction rate

varies considerably with the cluster size [110]. They argued it to be attributed from the

non-metal to metal transition at n = 16. If this is indeed the reason, it is likely that

the ionization potential would show a significant decrease at Mn16, similar to what has

been observed for free mercury clusters [128]. Therefore, we expect closing up of the spin

gaps at n = 16. However, Koretsky et al. observed no sudden decrease in the measured

ionization potential [111] and we do not find any spin gap closing at Mn16 either. The

spin gaps have reasonable value, δ1 = 0.33 eV and δ2 = 0.22 eV for Mn16 cluster (Fig.4.10

and Table 4.5). This abrupt change in the reaction rate with H2 at Mn16 is not due to any

structural change either, as we find all the medium sized clusters adopt icosahedral growth

pattern and the reason for the observed change in the reaction rate remains unknown.

4.4 Summary and Conclusions

We have systematically investigated the structural, electronic and magnetic properties of

Mnn (n = 2-20) clusters from the first-principles density functional theory. An extensive

search have been made to locate the global minima. Due to the intrinsic 4s2 3d5 electronic

structure and high 4s23d5 → 4s13d6 promotion energy Mn-atoms do not bind strongly

when they come closer to form a cluster. However, binding energy increases with the

cluster size as the coordination number increases and reaches a value 2.37 eV/atom for

Mn20, which is 81 % of the bulk value. A magnetic transition from FM to ferrimagnetic

ordering takes place at n = 5 and thereafter the energy difference between the optimal

ferrimagnetic and optimal FM structure increases with the cluster size, which indicates

that the optimal FM states become more and more unfavorable with increasing cluster

size . However, different ferrimagnetic states are possible within a small ∼ 0.1 eV energy
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difference and their plausible presence in the experimental SG beam along with the ground

state has been argued. The predicted magnetic moments are in agreement with the SG

experiment. The sudden decrease in the magnetic moment at n = 13 and 19 is due to

their ‘closed’ icosahedral structure. It should be pointed out here that in the present

calculation we assumed only collinear alignment of spins. However, spin canting or non-

collinear magnetic ordering is possible in small magnetic clusters as it occurs more easily

in a low symmetry magnetic system [126]. Icosahedral growth pattern is observed for the

intermediate size range. However, to our knowledge, a different kind of icosahedral packing

have been observed for Mn15 − Mn17 clusters. In any particular cluster, the average bond

length between anti-ferromagnetically aligned atoms are 3−8 % shorter than that of the

ferromagnetically alligned, which can be explained in terms of the Pauli repulsion. Spin

segregation has been observed in the intermediate size range. The d−electron localization

strongly depends on coordination: localization decreases with the coordination number.

There is no signature of non-metal to metal transition at n =16, which has been predicted

[110] through the downward discontinuity observed in the reaction rate with H2.



Chapter 5

Non-collinear magnetism in pure Mnn clusters

In the previous chapter, we have discussed Mnn clusters with the assumption that all the

atomic moments align collinearly i.e parallel or anti-parallel to each other. However, spin

canting or non-collinearity of the atomic moments may occur in low symmetry systems

such as surfaces and clusters. In this chapter we shall show that small Mnn clusters have

non-collinear magnetic orderings, which implies that we have to generalize our ideas of

the previous chapter and include the study of non-collinear magnetism in clusters 1

5.1 Introduction

Non-collinear magnetic ordering exists in a variety of systems. For examples, the complex

orderings in topologically frustrated anti-ferromagnets, spiral spin density wave states

and spin-spiral states. These types of orderings are called inter-atomic non-collinear

magnetism as it is the different atomic moments which are non-collinear. More generally,

non-collinear configurations occur more easily in a low symmetry or disordered magnetic

systems [129, 130]. Thus small clusters which have less symmetry constraints than the

bulk are likely candidates for non-collinear structures. Face-centered cubic Fe has a spin-

spiral ground state [131, 132] and body-centered cubic Cr has a spin density wave ground

[133]. Small Fe and Cr clusters (n ≤ 5) were found to have non-collinear magnetic

1This chapter is based on the following papers :

(1) Mukul Kabir, D.G. Kanhere and A. Mookerjee, Large magnetic moments and anomalous exchange

coupling in As-doped Mn Clusters, Phys. Rev. B 73, 075210 (2006).

(2) Mukul Kabir, D. G. Kanhere and A. Mookerjee, Emergence of non-collinear magnetic ordering in

small magnetic cluster, Submitted to Phys. Rev. B (2006).
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structure [134, 135, 136].

In the previous chapter we had discussed that from the structural and magnetic point

of view, manganese is one of the most complex of all metals and has attracted a consider-

able attention. Mn atom has an electronic configuration 4s23d5 and according to Hund’s

rule a high magnetic moment of 5 µB due to the half-filled 3d sub-shell. Moreover, it has

high 4s23d5 → 4s13d6 promotion energy and consequently, Mn-atoms do not bind strongly

when they are brought together to form a cluster or a crystal. The most stable polymorph,

α-Mn, has an exotic crystal structure containing 58 atoms in a cubic unit cell. This α-Mn

exhibits a complex antiferromagnetic order below the Néel temperature of 95 K and is

nonmagnetic at room temperature [137]. This magnetic transition of α-Mn is coupled to a

tetragonal distortion. Recent density functional calculations found non-collinear magnetic

ground state of α-Mn [138] and the other polymorph of Mn, known as β-Mn, also has a

stable non-collinear configuration even though the ground state is weakly ferrimagnetic

[139]. These results are in good agreement with the neutron scattering [140], magnetic

torque [141] and nuclear magnetic resonance [142] experiments, where the experimental

results are interpreted in terms of non-collinear antiferromagnetic structure.

Thus small Mn clusters which have less symmetry constraints are likely candidates for

the occurrence of non-collinear magnetic structure. However, all the theoretical calcula-

tions so far have been made under the collinear spin assumption [106]-[109],[126]. Among

all of them, most extensive study has been done by Kabir et al., where the structural and

magnetic properties of Mnn clusters in the size range n = 2-20 have been investigated

from the density functional theory (DFT) calculations [126], which have been discussed

in the previous chapter extensively. It was found that Mn2, Mn3 and Mn4 exhibit fer-

romagnetic ordering, whereas a magnetic transition to the ferrimagnetic ordering takes

place at n =5 and continues to be the ground state for clusters with n >5. The predicted

magnetic moments are in well agreement with the Stern-Gerlach (SG) clusters beam ex-

periment [26, 27]. Morisato et al. studied Mn5 and Mn6 clusters and found Mn6 to be

the smallest cluster to exhibit non-collinear ground state [143]. However, using local spin

density approximation Longo et al. found all the clusters in the size range n = 3-7, have

non-collinear ground state [144]. Recently, non-collinear magnetic ordering has also been

found in small Mn-clusters supported on a Cu(111) surface [145]. However in this study
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cluster geometries have been assumed to be planer and they were placed on a regular face-

centered cubic Cu lattice with experimental lattice parameters. No structural relaxation

for both the surface and the cluster has been considered.

5.2 Methodology

In the generalized, non-collinear DFT approach [146]-[149], the wave functions are de-

scribed by two-component spinors, Ψ(r) ≡ (Ψα(r),Ψβ(r)), where α and β are the spin

indeces. The density matrix is defined as,

ραβ =
∑

i

fiΨ
α
i (r)Ψ

β∗
i (r), (5.1)

where fi is the occupation number of the single-particle state.

The charge n(r) and magnetization ~m(r) parts of the density matrix can be extracted by

expanding in terms of the Pauli spin matrices σk (k = x, y, z),

ρ(r) =
1

2

[
n(r)I +

∑

k

mk(r)σk

]
, (5.2)

where mk are the Cartesian components of ~m(r). The exchange-correlation potential,

vxc = v0(r)I + ~ξ(r) · ~σ, contains nonmagnetic and magnetic parts. The nonmagnetic part

v0 and |~ξ| are given as a function of n and |~m| in the same way that is done in the case of

collinear magnetism, but here in addition ~ξ(r) is always parallel to ~m(r). In this scheme,

the individual eigenstates can have different spin quantization directions and furthermore,

the spin quantization axis of the each state can vary with position.

Calculations have been performed using DFT within the pseudo-potential plane wave

method. The projector augmented wave method [59, 60] has been used and for the

spin-polarized gradient approximation to the exchange-correlation energy we used the

Perdew-Burke-Ernzerhof functional [48], as implemented in the Vienna ab-initio Simula-

tion Package [112]. The 3d, 4s electrons of the Mn-atom are treated as valence states.

The spinor wave functions are expanded in a plane wave basis set with the kinetic en-

ergy cutoff 337.3 eV. Reciprocal space integrations are carried out at the Γ-point. We

adopted periodic boundary conditions and described the cluster within a large simple cu-

bic super-cell such that the periodic images are separated by at least 12 Å vacuum region.
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This essentially ensures the interactions between the periodic images to become negli-

gible. Symmetry unrestricted optimizations were performed using quasi-Newtonian and

conjugate gradient methods until all the force components are less than 0.005 eV/Å. For

a particular sized Mnn cluster, several different initial structures were studied to ensure

that the globally optimized geometry does not correspond to the local minima, and to be

extensive, both non-collinear and collinear magnetic structures have separately been con-

sidered. Moreover, we explicitly considered all possible spin multiplicities for the collinear

case.

For a collinear spin cluster all the spins are parallel (00) or anti-parallel (1800) to each

other. However, the angle between any two moments could be anything in between 00

and 1800 for a non-collinear case and the deviation from 00 or 1800 is called “degree of

non-collinearity”. The average degree of non-collinearity for a particular cluster can be

defined as,

θ =

∑
i,(<j) |Θ− θij|
∑N−1

k (N − k)
, (5.3)

where ij runs for all independent spin pairs and
∑N−1

k (N − k) is the total number of

such independent spin(atom) pairs with N being the number of atoms in the cluster. Θ

is either 00 or 1800 and θij is the angle between i-th and j-th moment.

5.3 Results

5.3.1 Pure Mnn clusters: Collinear vs non-collinear ordering

In the previous, we have extensively discussed the magnetic ordering of pure Mnn (n ≤ 20)

clusters within the collinear spin assumption [126]. Above a certain cluster size (n=5), the

magnetic ordering was found to be ferrimagnetic and the calculated magnetic moments

were in agreement with the Stern-Gerlach experiment [26, 27]. However, the validity

of the collinear spin assumption should be checked rigorously because, in principle, the

complex ferrimagnetic ordering and magnetic ‘frustration’ [150] could finally lead to the

non-collinear ordering in Mn clusters. Type of magnetic ordering along with the total

magnetic moment, relative energy difference are given in the Table 5.1 and Table 5.3 and

the optimal non-collinear structures are shown in Fig. 5.1 and Fig. 5.2 for pure Mnn



Chapter 5. Emergence of noncollinear magnetism 89

Table 5.1: Type of magnetic ordering, average degree of non-collinearity (θ), total mag-

netic moment (Mtot) and the relative energy difference (∆E = E - EGS) for pure Mnn

clusters for n =2—8.

Cluster Magnetism θ Mtot △E

( 0) (µB) (meV)

Mn2 collinear - 10 0

Mn3 collinear - 15 0

non-collinear 42 8.54 35

non-collinear 38.89 8.27 36

non-collinear 44 8.77 38

collinear - 5 46

non-collinear 55.5 3.63 325

Mn4 collinear - 20 0

non-collinear 4.98 19.96 31

collinear - 10 78

Mn5 collinear - 3 0

non-collinear 12.05 4.43 18

non-collinear 51.94 12.46 60

collinear - 13 60

collinear - 5 79

Mn6 non-collinear 48.8 12.83 0

non-collinear 9.26 8.48 96

collinear - 8 123

collinear - 2 140

Mn7 collinear - 5 0

collinear - 7 91

collinear - 3 192

non-collinear 0.63 5.00 232

non-collinear 48.12 2.86 241

Mn8 non-collinear 22.85 6.83 0

collinear - 8 170

collinear - 12 170

collinear - 10 200

clusters.
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Table 5.2: Magnetic moments (µB) and angles (θij in degree) between the moments for

the non-collinear ground state of Mn6 (Fig.1h).

i/j 1 2 3 4 5 6 Moment

1 - 156 2 146 77 75 3.62

2 156 - 154 9 79 80 3.64

3 2 154 - 145 75 74 3.62

4 146 9 145 - 70 71 3.63

5 77 79 75 70 - 1 3.80

6 75 80 74 71 1 - 3.80

The case of triangular Mn3 is interesting. If the triangle is equilateral and the mag-

netic ordering is antiferromagnetic then the third atom doesn’t know how to align and,

consequently, is in the ‘frustrated’ state. Then the Mn3 cluster could remove its frustra-

tion either by reducing its geometrical symmetry or by adopting non-collinear magnetic

order or by both of these. The ground state is collinear ferromagnetic with 5 µB/atom

magnetic moment and has equilateral triangular geometry. The optimal non-collinear

structure is the next isomer, which lies 35 meV higher in energy. This structure has high

non-collinearity and a total magnetic moment of 8.54 µB (Fig. 5.1a). The geometri-

cal structure is a isosceles triangle. We also find several non-collinear (Fig. 5.1b-d) and

collinear magnetic states which lie close in energy. However, triangular Mn3 cluster prefers

non-collinear structure when it is placed on a Cu(111) surface, where each moments lie

parallel to the Cu(111) surface and make an equal angle of 1200 to its neighbor [145]. For

this case, it has also been pointed out that the intra cluster exchange parameter is much

stronger than that of inter cluster as the magnetic ordering is not affected if cluster-cluster

distance becomes very small.

A collinear ferromagnetic ground state with total magnetic moment of 20 µB is found

to be the ground state. The optimal non-collinear lies only 31 meV higher and have

comparable magnetic moment. In comparison, Longo et al. [144] found a non-collinear

ground state with a low magnetic moment, 4.5 µB, to be the ground state. It has to be

noted, however, that they have used local spin density approximation for the exchange-

correlation.
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Figure 5.1: Optimal non-collinear structures for Mnn clusters in the size range

n =3-10. The first line gives the number of atoms n in the cluster and the energy

relative to the corresponding ground state, ∆E, (meV), whereas, the second line

represents the average degree of non-collinearity (θ in degree) and the corresponding

total magnetic moment (µB). The optimal collinear structures are not shown here

rather we refer to Ref. [126].

The Mn5 cluster has been investigated by numerous authors but most of them have

restricted themselves to the collinear spin assumption [106]- [108],[126]. However, few

attempts have been made to allow non-collinear magnetic ordering[143]-[151]. We find
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Table 5.3: Same as the Table 5.1 for Mn9, Mn10, Mn13, Mn15 and Mn19 clusters.

Cluster Magnetism θ Mtot △E

( 0) (µB) (meV)

Mn9 non-collinear 48 5.33 0

non-collinear 1.92 0.99 50

non-collinear 39.88 5.62 133

collinear - 7 181

Mn10 non-collinear 42 5.04 0

non-collinear 43.95 3.30 24

collinear - 14 81

Mn13 non-collinear 2.56 3.15 0

collinear - 3 0

non-collinear 6.85 3.80 11

collinear - 7 77

non-collinear 5.06 3.37 269

non-collinear 30.37 11.57 304

Mn15 collinear - 13 0

non-collinear 0.90 13.00 26

collinear - 5 33

non-collinear 4.70 12.91 49

non-collinear 8.03 26.85 343

Mn19 collinear - 21 0

non-collinear 4.55 20.89 5

collinear - 19 9

collinear - 9 74

that the collinear ferrimagnetic ground state lies slightly lower (18 meV) in energy than

the optimal non-collinear state. The average degree of non-collinearity found for this

structure is 120. The next non-collinear (12.46 µB, θ ∼ 520) and a ferrimagnetic collinear

structures are degenerate and are followed by another collinear ferrimagnetic state [126].

The Mn6 cluster is found to be the smallest cluster to have non-collinear magnetic order

in the ground state. This structure is highly non-collinear (θ ∼ 490) and has distorted

octahedral structure, which posses 12.83 µB magnetic moment. Present result agrees with
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Morisato et al. [143], who found a non-collinear state with 12.24 µB moment as ground

state. The angles θij between the atomic moments are given in the Table 5.2. The next

isomer is non-collinear with a total moment of 8.48 µB, which lies 96 meV higher. These

two non-collinear states are followed by four collinear structures with moments 8, 2, 16

and 26 µB [126].

The ground state for Mn7 is collinear with total magnetic moment 5 µB. This structure

is followed by two collinear isomers with a total 7 and 3 µB moment. As discussed in

our previous report [126], this is the possible reason for large experimental uncertainty

observed, 0.72 ± 0.42 µB/atom [26]. The optimal non-collinear structure lies much higher

(232 meV) in energy and this structure has equal magnetic moment with the collinear

ground state. However, a non-collinear state has been reported to be the ground state in

an earlier report [144].

The present results up to the size range (n ≤ 7) discussed above agree well with

Morisato et al. [143]. They have adopted the same level of theory used in the present

report to study Mn5 and Mn6 and found the Mn6 cluster to be the smallest cluster which

show non-collinear magnetic ordering. On the other hand, Longo et al. [144] studied

Mn3-Mn7 clusters within a somewhat different approximation level. They have used local

spin density approximation for the exchange-correlation energy and found the magnetic

ordering to be all non-collinear for all the clusters studied.

As it has been discussed in the Ref. [126], we have considered many different initial

structures for Mn8. However, when we allow non-collinearity among the moments, we find

a non-collinear bi-capped octahedral structure with magnetic moment 6.83 µB to be the

ground state. This non-collinear state is followed by two degenerate collinear magnetic

structures and they lie 170 meV higher in energy. The moment of the non-collinear ground

state of 0.85 µB/atom is very close to the experimental value of 1.04 ± 0.14 µB/atom [27].

A non-collinear centered anti-prism with total moment 5.33 µB is the ground state

for 9-atom manganese cluster. This structure has high non-collinearity, θ ∼ 480. We find

another less non-collinear (θ = 1.920) structure with very tiny total magnetic moment is

the first isomer, which lies 50 meV higher in energy. The next isomer is also non-collinear

in nature with comparable magnetic moment with the ground state. This structure lies

133 meV higher in energy. The optimal collinear structure lies 181 meV higher in energy
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and has a total 7 µB magnetic moment.

In the previous chapter, within the collinear assumption, we have seen that there exists

four collinear magnetic structures within very small energy width ∼ 10 meV for Mn10

cluster. However, there we have treated the atomic moments collinearly. In the present

case, we find that a non-collinear magnetic structure with magnetic moment 5.04 µB is

lower in energy by 81 meV than the previously found optimal collinear structure. This

structure is highly non-collinear with θ to be 420. All these structures, whatever collinear

or non-collinear, have a pentagonal ring and can be seen as incomplete icosahedra.

In the previous chapter, for the Mn13 cluster, we have investigated icosahedral, cub-

octahedral and a hexagonal closed packed structures within the collinear spin assumption

and found an icosahedral structure to be the ground state, which had a total magnetic

moment of 3 µB [126]. The optimal hexagonal closed-packed and cub-octahedral struc-

tures were found to have higher magnetic moments, 9 and 11 µB respectively, and they

lie much higher in energy, 0.89 and 1.12 eV, respectively. Here we investigated only the

icosahedral structure and found a non-collinear magnetic structure with 3.15 µB moment

to be degenerate with the previously found collinear structure. The average θ is found to

be small (2.50) for this structure. The optimal non-collinear structures are shown in Fig.

5.2a-d. Another non-collinear structure is nearly degenerate (11 meV) with θ to be 6.80.

This structure has comparable magnetic moment. Another two non-collinear structures

(Fig. 5.2c-d) are found and they lie 269 and 304 meV higher, respectively and the average

deviation is 5 and 30.310, respectively.

Two different competing icosahedral structures, 5,1,5,1,3 and 1,5,1,5,1,2 staking, were

found to have five isomers within ∼ 60 meV energy for Mn15 within the collinear atomic

spin moment assumption [126]. The ground state had a magnetic moment of 0.87 µB/atom,

whereas the experimentally measured value is rather high, 1.66 ± 0.02 µB/atom. No

isomer with comparable magnetic moment was found [126]. At this point it would be

interesting to investigate if this large discrepancy between the experimental and theoreti-

cally predicted magnetic moment originated from collinear spin assumption. However, the

discrepancy does not improve when we relax the collinear spin assumption and treat the

moments non-collinearly (Table 5.3). Two non-collinear structures (Fig. 5.2e,f) lie very

close in energy with the previously found collinear ground state. These two structures
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Figure 5.2: Optimal non-collinear magnetic ordering for Mn13, Mn15 and Mn19.

are of first and second kind of icosahedra with θ = 0.90 and 4.70, respectively. However,

a structure of the first kind is found with magnetic moment (1.79 µB/atom), which is

close to the experimental value (1.66 ± 0.02 µB/atom [26, 27]), but this structure lies well

above (343 meV) the ground state and is highly non-collinear (Fig. 5.2g).

It has experimentally been found that the magnetic moment of Mn19 cluster is rela-

tively smaller than that of its neighboring clusters [26, 27]. Within the collinear moment

approximations, a double icosahedral structure was found to be the ground state, which
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had a total moment of 21 µB [126]. This is somewhat larger than the experimentally pre-

dicted value [26, 27]. Another collinear magnetic structure with magnetic moment (9 µB)

close to the experimental value lies only 75 meV higher. In the present study, which al-

lows non-collinear arrangement of magnetic moments, we found the optimal non-collinear

structure to be nearly equi-energetic (Table 5.3) with low degree of non-collinearity. This

structure has nearly equal magnetic moment with the optimal collinear structure.

5.3.2 Binding energy and magnetic moment

Binding energies of the optimal collinear and non-collinear magnetic structures have been

shown in Fig. 5.3 for pure Mnn and As@Mnn clusters. It has been understood [126]

that due to the lack of hybridization between the filled 4s states and the half-filled 3d

states and due to high (2.14 eV) 4s2 3d5 → 4s 3d6 promotion energy, Mn atoms do not
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urations as a function of Mn atoms (n) in pure Mnn. Binding energy is defined

as, BE(Mnn) = −[ E(Mnn) − n E(Mn)]/n where E(Mnn) is the total energies of

pure Mnn cluster. Inset shows the total energy difference between the optimal

collinear (CL) and non-collinear (NCL) configurations, δE, as a function of n.
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plotted as a a function of cluster size n.

bind strongly when they form clusters or crystals. This is manifested through their low

binding energy, which is the lowest among all other 3d- transition metal clusters. This is

also experimentally evidenced through recent photo-dissociation experiments for cationic

clusters [7, 100]. Since the mixing between the valence d and s states increases with

increasing size, the binding energy increases with increasing cluster size.

The total energy difference, δE, between the optimal collinear and non-collinear struc-

ture is defined as,

δE = −[ECL(n)− ENCL(n)] (5.4)

and plotted in the inset of Fig. 5.3. By definition if δE is positive(negative) the corre-

sponding ground state is collinear(non-collinear). In the previous chapter, we discussed

Mn2, Mn3 and Mn4 have ferro-magnetically coupled atomic spins, and they are collinear.

Here we find that the Mn5 has collinear ground state, which is nearly degenerate with

non-collinear magnetic structure. The collinear states are found to be lower in energy

than the corresponding optimal non-collinear states up to five Mn-atoms in the cluster

and in the size range n ≥ 6 the non-collinear states start to be ground state. However,
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it should be noted here that for the entire size range there exists several collinear and/or

non-collinear isomers which are close in energy with the corresponding ground state (see

Table 5.1 and 5.3). This establishes the importance to treat the moments non-collinearly.

The total magnetic moment of pure Mnn clusters for the optimal collinear and non-

collinear states are plotted in the Fig. 5.4. The results are compared with the experi-

mentally predicted values. Clusters in the size range n ≤4 have collinear ground state

and the Mn-Mn coupling is ferromagnetic. These clusters have a 5 µB/atom magnetic

moment which is the Hund’s rule value for isolated Mn-atom. The magnetic moment per

atom decreases drastically at and after n =5 and the magnetic ground states start to be

non-collinear for n ≥6. The large moments of pure Mnn clusters arise from the localized

3d electrons at Mn-atoms.

5.4 Conclusion

In the previous chapter we have studied Mnn clusters under the collinear atomic moment

assumption. The present chapter presents a systematic investigation of emergence of non-

collinear magnetism in pure Mnn clusters within the gradient-corrected DFT approach.

No considerable structural change has been found due to non-collinear treatment of atomic

moments. The ground state of both pure Mnn clusters for n ≤5 is collinear and emergence

of non-collinear ground states is seen for n ≥6. However, there exists many collinear and

non-collinear isomers. Although the results presented here are specific to the Mnn clusters,

they also contain more general picture: non-collinear magnetic ordering is possible in small

magnetic clusters.



Chapter 6

Unconstrained density-functional study of bonding

and magnetic structure of As doped Mnn clusters

In the previous chapter we have shown that small Mnn clusters may adopt non-collinear

magnetic ordering. In this chapter we shall use the same density-functional approach,

unconstrained to allow for non-collinear ordering, and study how magnetic ordering is

perturbed by doping the cluster with a single nonmagnetic As atom. We shall see how

the dopant As-atom enhances bonding and how it affects Mn-Mn exchange couplings.1.

6.1 Introduction

Emergence of finite magnetic moments ∼ 1 µB/atom in manganese clusters (Mn5−99),

which in its bulk α phase is antiferromagnetic below a Néel temperature of 95 K and is

nonmagnetic at room temperatures, has been demonstrated through Stern-Gerlach (SG)

deflection measurement [26, 27]. In the previous two chapters, we have discussed density

functional calculations of pure Mnn clusters in the size range n=2–20, and the results are

in good agreement with the SG experiment. The reason for this finite magnetic moment in

small Mnn clusters is readily understood to derive from the reduced atomic coordination

1This chapter is based on the following papers :

(1) Mukul Kabir, D. G. Kanhere and A. Mookerjee, Large magnetic moments and anomalous exchange

coupling in As-doped Mn clusters, Phys. Rev. B 73, 075210 (2006).

(2) Mukul Kabir, D. G. Kanhere and A. Mookerjee, Emergence of non-collinear magnetic ordering in

small magnetic clusters, (Submitted to Phys. Rev. B).

(3) Mukul Kabir, A. Mookerjee and D. G. Kanhere, Magnetism in pure and doped manganese clusters,

Vol-4 pp 1018-1021 (Brill Academic Publishers, The Netherlands, 2005).
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resulting in strong d-electron localization.

It will be particularly interesting to see what happens to the electronic and magnetic

properties if we dope a Mnn cluster with a single nonmagnetic atom, for example, As,

to form an As@Mnn cluster. This study would be interesting since the Mn clustering in

ferromagnetic Ga1−xMnxAs and In1−xMnxAs samples has attracted considerable atten-

tion. The real dilute magnetic semiconductor alloys may exhibit some clustering which

comes from the attractive interaction between magnetic ions [152] (Mn in the present

case) and, indeed, there are experimental evidences for a tendency to cluster formation

[153, 154, 155]. Generally, the Mn dopant substitutes the Ga site and serves dual roles −
provides local magnetic moment and acts as acceptor providing itinerant holes, which me-

diate ferromagnetic order. However, in reality, low substrate temperatures (∼ 200-300 0C)

and strong segregation tendency (of magnetic ions into semiconductor host) leads to high

defect concentrations, the most important being Mn interstitials, MnI [156], which are

double donors that compensates holes provided by substitutional MnGa. The increase in

Curie temperature (TC) might, therefore, related to a removal of these MnI defects. Differ-

ent kinds of defects have been reported: clustering [157, 152, 158] and random distribution

[159, 158] of Mn as well as MnI [160] and As anti-sites [161, 162, 163] and there is increas-

ing consensus that ordering increases Tc, while it decreases with clustering [158]. In recent

years, Curie temperature in the Ga1−xMnxAs has risen steadily, reaching ∼ 170 K for x ∼
0.08, when grown in layered structure and annealed at low temperature [164, 165, 166].

However, local spin-density approximation with mean-field predicts a rather high Tc for

Ga1−xMnxAs (typically 350-400 K for x ∼ 0.08) [152, 167, 168, 169, 170, 171]. This large

discrepancy with experiment is attributed to uncontrolled approximations in treating the

effective Heisenberg model describing interactions between localized magnetic impurities

[159, 172, 173]. However, recently predicted Tc, assuming disorder [174, 173] and perco-

lation [159] effect, are in good agreement with the experiment.

In this chapter, we address the possibility of Mn clustering around As and the con-

sequent nature of Mn-Mn magnetic coupling? We have, indeed, found that the binding

energy of MnxAs clusters are substantially enhanced by single As doping by having their

hybridized s−d electrons bond with p electrons of As. This stabilization is also accompa-

nied by the ferromagnetic Mn-Mn coupling for Mn2As and Mn4As clusters. Another in-
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teresting motivation of the present study is motivated from the face that the non-collinear

ferromagnetism is common in (III,Mn)V semiconductor [161, 175, 176, 177, 178]. Exper-

imental study by Potashnik et al. [161, 175] indicated that the Curie temperature, the

ground state saturation magnetization M(T = 0) and the shape of the M(T ) curve all

depend upon the temperature and annealing. This can be explained only if the non-

collinearity in the localized Mn magnetic moments is considered in the ground state

[176, 177, 178]. From this point of view, it will be interesting to observe whether the

small As@Mnn clusters do show non-collinearity or not. Indeed, in the previous chapter,

we have seen that pure Mnn clusters do show non-collinear magnetism. Therefore, it is

interesting to investigate how the collinearity and non-collinearity of atomic moments are

affected by single As-atom doping. Finally, we show that the Mn-Mn exchange interactions

(J ′s) are anomalous and behave quite differently from Ruderman-Kittel-Kasuya-Yosida

(RKKY)-like theory.

6.2 Computational Method

Calculations have been carried out using the density functional based projector augmented-

wave method [59, 60]. For exchange-correlation functional we have used the one suggested

by Perdew-Burke-Ernzerhof[48] for the spin-polarized generalized gradient approxima-

tion, as implemented in the VASP package [112]. The wave functions are expanded in

a plane wave basis set with the kinetic energy cutoff 337.3 eV and calculations have

been performed at the Γ-point only. The 4s, 4p orbitals for As were treated as va-

lence states. Symmetry unrestricted geometry optimizations were performed using quasi-

Newtonian and conjugate gradient methods until all the force components are less than

0.005 eV/Å. Simple cubic super-cells are used with neighboring clusters separated by at

least 12 Åvacuum regions. Both collinear (CL) and non-collinear (NCL) magnetic struc-

tures have separately been considered. Several initial structures were studied to ensure

that the globally optimized geometry does not correspond to the local minima, as well as

we explicitly considered all possible spin multiplicities for CL case.
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6.3 Results and discussion

6.3.1 Structure

The Table 6.1 and Table 6.2 give the magnetic orderings of As@Mnn clusters and they

are depicted in the Fig. 6.1 for the size range n =1-10. The Mn-As dimer has much

higher BE of 1.12 eV/atom and much shorter bond length (2.21 Å) than those of Mn2

dimer. We have repeated our calculations of Mn-As dimer including the Mn 3p as valence

electrons and obtained an optimized bond length of 2.22 Å and BE of 1.08 eV/atom, with

the same total magnetic moment, which confirms that the inner 3p electrons contributes

insignificantly to the bonding.

The Mn-Mn coupling is found to be ferromagnetic (Fig. 6.1a) for As@Mn2 cluster,

which has a total magnetic moment of 9 µB. The Mn-Mn distance in this collinear

As@Mn2 is same with the pure Mn2 dimer. However, this collinear ground state is nearly

degenerate with a non-collinear magnetic structure (Fig. 6.1b). Another collinear struc-

ture with antiferromagnetic Mn-Mn coupling (Fig. 6.1c) is found to be the next isomer

which lies 110 meV higher than that of the ground state.

The pure Mn3 cluster was found to be ferromagnetic with large 5 µB magnetic moment

and is collinear in nature. The single As-atom doping reduces its magnetic moment

considerably to a total of 4 µB for As@Mn3 cluster in its ground state. This structure is

also collinear in nature, which is shown in Fig. 6.1d. However, likewise in the pure case,

there exists several isomers with different magnetic nature (Table 6.1 and Fig. 6.1e,f).

The next three isomers are all non-collinear and they lie close in energy, 5, 8 and 43 meV

higher, respectively.

The optimal collinear structure with 20 µB magnetic moment was found to have 31

meV less energy than the optimal non-collinear structure for the pure tetramer. The

average bond length of As@Mn4 (2.59 Å) is much larger than that of the pure Mn4 (2.70

Å) cluster. The optimal non-collinear structure (Fig. 6.1h) is nearly degenerate with the

collinear ferromagnetic ground state (Fig. 6.1g) for As@Mn4 cluster. The next isomer

is also non-collinear in nature and all these three structures have comparable magnetic

moments.
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Table 6.1: Magnetic ordering, average degree of non-collinearity [179] (θ), total magnetic

moment (Mtot) and relative energy difference (∆E) for As@Mnn clusters for n =1—8.

Cluster Magnetism θ Mtot ∆E

( 0) (µB) (meV)

As-Mn collinear - 4 0

As@Mn2 collinear - 9 0

non-collinear 3.64 9.00 2

collinear - 1 110

As@Mn3 collinear - 4 0

non-collinear 2.05 3.99 5

non-collinear 4.79 3.97 8

non-collinear 54.46 0.81 43

As@Mn4 collinear - 17 0

non-collinear 20.64 16.09 6

non-collinear 17.63 16.33 18

As@Mn5 collinear - 2 0

non-collinear 7.51 2.00 7

non-collinear 43.73 9.29 62

non-collinear 44.26 10.08 68

As@Mn6 non-collinear 6.99 1.28 0

collinear - 9 159

non-collinear 0.91 9.00 168

non-collinear 24.04 7.59 196

As@Mn7 collinear - 6 0

non-collinear 18.88 4.93 16

collinear - 14 26

non-collinear 48.77 6.28 66

non-collinear 7.59 21.83 104

non-collinear 44.59 8.62 108

As@Mn8 non-collinear 0.67 3.00 0

non-collinear 37.56 12.53 7

collinear - 7 17

non-collinear 23.45 10.84 46

collinear - 3 120
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Table 6.2: Same as Table 6.1 for As@Mn9 and As@Mn10 clusters.

Cluster Magnetism θ Mtot ∆E

( 0) (µB) (meV)

As@Mn9 non-collinear 43.24 0.10 0

collinear - 10 247

non-collinear 8.01 3.88 353

As@Mn10 non-collinear 44.22 3.09 0

non-collinear 22.52 1.37 36

collinear - 13 90

The ground state of the As@Mn5 is also collinear (Fig. 6.1i), which is nearly degenerate

with the optimal non-collinear structure (Fig. 6.1j). Both of these structures have equal

magnetic moments, which are particularly small. The next two isomers are non-collinear

with high non-collinearity and have comparatively large magnetic moments.

Similar to the pure Mn6 cluster, the ground state of As@Mn6 is the smallest cluster

which show non-collinear magnetism (Fig. 6.1l). This non-collinear structure lies 159

meV lower than the next isomer, which is collinear (Fig. 6.1m). This non-collinear

ground state has small magnetic moment (1.28 µB) compared to the collinear (9 µB)

configuration. The non-collinear ground state has a As-capped Mn-octahedral geometry,

whereas the next (collinear) isomer is a pentagonal bi-pyramid, where the As-atom sits in

the pentagonal ring. Another non-collinear structure lies 196 meV higher which has large

non-collinearity (24.040) and comparable magnetic moment with the collinear structure.

The ground state of the As@Mn7 cluster is collinear (Fig. 6.1n) with a total magnetic

moment of 6 µB. The next isomer is non-collinear in nature with 4.94 µB magnetic

moment (Fig. 6.1o), which lies sightly higher (16 meV) in energy. However, for pure Mn7

cluster, the energy difference between the collinear ground state and the optimal non-

collinear state is large, 232 meV, i.e. the single As doping reduces the energy difference

between the collinear ground state and the optimal non-collinear state. Moreover, there

exists several collinear and non-collinear structures (Table 6.1) which are close in energy.

The ground state of the As@Mn8 cluster is found to be non-collinear. However, the

degree of non-collinearity is very small (Fig. 6.1q). The next isomer is also non-collinear
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Figure 6.1: The ground state and closely lying isomers of As@Mnn clusters. The

nature of magnetic ordering (collinear (CL) or non-collinear (NCL)), relative

energy to the corresponding ground state (meV), the average θ (in degree) for

NCL case and the total magnetic moment (µB) is given. For the collinear cases,

orange(blue) refers the positive(negative) Mn moment. Yellow atom refers the

As-atom for all the structures.

and has comparatively large magnetic moment and non-collinearity (Fig. 6.1r). Both

these non-collinear structures are nearly degenerate. The optimal collinear structure (Fig.

6.1s) also lies very close in energy, which has 7 µB magnetic moment.
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The ground state of As@Mn9 is non-collinear with high non-collinearity, 43.240. How-

ever, the magnetic moment of this structure is nearly zero, 0.1 µB (Fig. 6.1t), which is

much smaller than that of the pure Mn9 cluster in its ground state. The next isomer is

collinear in nature and has comparatively large magnetic moment, 10 µB. This collinear

structure lies much higher, 249 meV, in energy.

We have found several isomers for the As@Mn10 cluster (Table 6.2). Among all a

non-collinear magnetic structure (Fig. 6.1v) with high non-collinearity (45.220) is found

to be the ground state. This structure has a total magnetic moment of 3.09 µB. The next

isomer is also non-collinear which lies only 36 meV higher in energy. The optimal collinear

structure have comparatively high magnetic moment and lies 90 meV higher (Fig. 6.1w).

6.3.2 Enhancement in bonding

As we have seen, in the chapters 4 and 5, for pure Mnn clusters the binding energy is small

compared to other 3d transition metal clusters. This was understood that it is derived

from 4s2 3d5 electronic distribution and comparatively large 4s2 3d5 → 4s1 3d6 promotion

energy. However, the situation improves considerably due to single As-doping. The cal-

culated binding energies, Calculated binding energies are plotted in Fig. 6.2 for both pure

Mnn and As@Mnn clusters. When an As-atom is attached to the pure Mnn clusters, due

to the enhanced p− d hybridization the binding energy of the resultant As@Mnn clusters

increase substantially. The total energy difference, δE, between the optimal collinear and

non-collinear structure is plotted in the inset of Fig. 6.2. By definition if δE is posi-

tive(negative) the corresponding ground state is collinear(non-collinear). For both pure

Mnn and As@Mnn clusters, the collinear states are found to be lower in energy than the

corresponding optimal non-collinear states up to five Mn-atoms in the cluster and in the

size range n ≥ 6 the non-collinear states start to be ground state with the exception for

n =7 for Mnn and n =7,8 for As@Mnn clusters. However, it should be noted here that for

the entire size range there exists several collinear/non-collinear isomers which are close

in energy with the corresponding ground state for both pure and doped clusters. This

establishes the importance to treat the moments non-collinearly.

The next important issue is to see whether these Mn clustering around single As are
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Figure 6.2: Plot of binding energy for optimal collinear and non-collinear con-

figurations as a function of Mn atoms (n) in pure Mnn and As@Mnn clusters.

Binding energy is defined as, BE(Mnn) = −[ E(Mnn) − n E(Mn)]/n for pure Mnn

clusters and BE(As@Mnn) = −[ E(As@Mnn) − n E(Mn) − E(As)]/(n+1) for

As@Mnn clusters, where E(Mnn) and E(As@Mnn) are the total energies of pure

Mnn and As@Mnn clusters, respectively. Inset shows the total energy difference

between the optimal collinear(CL) and non-collinear (NCL) configuration (δE

= -[ECL(n) - ENCL(n)]) as a function of n. The ◦(•) represent Mnn(As@Mnn)

clusters.

at all energetically favorable or not. To understand this point, we calculate two different

energy gains, ∆1 - the energy gain in adding an As atom to a Mnn cluster and ∆2 - the

energy gain in adding a Mn atom to a Mn1−nAs cluster.

∆1 = −[E(As@Mnn)− E(Mnn)− E(As)] (6.1)

∆2 = −[E(As@Mnn)− E(As@Mn1−n)− E(Mn)] (6.2)

These two energy gains, ∆1 and ∆2, are plotted in Fig. 6.3. Due to the enhanced

hybridization in As@Mnn clusters compared to pure Mnn cluster, the binding energy of

the doped cluster increases substantially, which again increases with the size of the cluster
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Figure 6.3: Two energy gains, ∆1 and ∆2, are plotted with n. Notice that for

all n, the energy gain in adding an As-atom is larger than that of adding an

Mn-atom to an existing pure Mn-cluster, i.e. ∆1 >> ∆2.

and consequently, ∆1 increases with n, which finally tends to saturate (Fig. 6.3). The ∆2

gives the number that how many Mn atoms can be bonded to a single As atom, which is

still significant, 2.65 eV, for As@Mn10. These behaviors of ∆
1 and ∆2 and more precisely,

∆1 ≫ ∆2 for all n, indicate that the Mn clusters around As are energetically favorable and

we, therefore, argue that they are, likely to be, present in the low temperature molecular

beam epitaxy (MBE) grown (GaMn)As/(InMn)As.

6.3.3 Magnetic moment

The next obvious question is what happens to the nature of Mn-Mn magnetic coupling

in these As@Mnn clusters due to single As-doping? The total magnetic moment of the

corresponding ground states and closely lying isomers are given in Table 5.1 and Table 5.3

for pure Mnn clusters and in Table 6.1 and Table 6.2 for As@Mnn clusters, respectively,

and are plotted in Fig. 6.4 for the ground states. Pure Mnn clusters in the size range n ≤4

have collinear ground state and the Mn-Mn coupling is ferromagnetic. These clusters have
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a 5 µB/atom magnetic moment which is the Hund’s rule value for the isolated Mn-atom.

The magnetic moment per atom decreases drastically at and after n =5 and the magnetic

ground states start to be non-collinear for n ≥6. However, we have found many collinear

and non-collinear isomers with varying magnetic moment which are close in energy (not

shown in Fig. 6.4, see for instance Table 6.1 and Table 6.2).

The large moment of pure Mnn and As@Mnn clusters arise from localized 3d electrons

at Mn-atoms. However, the strong p−d hybridization induces a small negative polarization

to the As-atom. For example, this negative polarization is 0.26 µB for Mn-As dimer.

However, this negative polarization decreases non-monotonically to 0.01 µB for As@Mn10

cluster. Generally, the total magnetic moment of As@Mnn cluster is lower than the

corresponding pure Mnn cluster due to the p − d hybridization. Similar to their pure

counterparts, the Mn-Mn coupling in As@Mn2 and As@Mn4 collinear ferromagnetic and

the emergence of non-collinear ground state is seen at and above n=6. We have plotted
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Figure 6.4: Plot of magnetic moment per atom as a function of n for pure Mnn

and As@Mnn clusters. Values only for the ground states have only been shown

(see Table 5.1 and Table 5.3 for Mnn isomers and Table 6.1 and Table 6.2 for

As@Mnn isomers). The SG experimental values for pure Mnn clusters are shown

with error bars.
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a b

c d

Figure 6.5: Constant spin density surfaces for (a) As@Mn2, (b) As@Mn3, (c)

As@Mn4 in their respective collinear ground state and (d) collinear isomer (3

µB ∆E = 120 meV) of As@Mn8 clusters corresponding to 0.04, 0.04, 0.04 and

0.02 e/Å3, respectively. Red and blue surfaces represent positive and negative

spin densities, respectively. Green ball is the As atom, which has negative polar-

ization in all these structures. Note ferromagnetic (As@Mn2 and As@Mn4) and

ferrimagnetic (As@Mn3 and As@Mn8) coupling between Mn atoms.

the constant spin density for collinear magnetic structures in Fig. 6.5. It is clear for

the figure that the Mn-Mn coupling in As@Mn2 and As@Mn4 clusters are ferromagnetic,

whereas the same is ferrimagnetic for As@Mn3 and for a collinear isomer of As@Mn8

clusters.

6.3.4 Exchange coupling

To further investigate the magnetic coupling behaviour we calculate exchange interactions

Jij’s for the GS geometry, the magnetic energy is mapped onto a Heisenberg form:

H = −
∑

i,j

JijSi · Sj, (6.3)
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spatial separation rMn−Mn for Mn2As cluster. Solid curve is the simplest RKKY

form JRKKY ∝ r−3cos(2kF r) fitted with kF = 1.02 Å−1. Solid line shows excellent

agreement between the calculated J(r) and the RKKY model. (Lower Panel)

Plot of averaged exchanged coupling J̄ij with r for As@Mnn (n=2-5).

where S are localized magnetic moments at Mn-sites.In clusters, due to the reduced

symmetry and bonding anisotropy |Si| vary from site to site and, therefore, rather than

the conventional |Si| = 1 consideration, we take Si as the projected magnetization density

onto a sphere of radius 1.2 Å. Now we can calculate Jij by computing the total energy for

judicious choice of spin configurations with inequivalent combinations of pair correlation

functions Si · Sj , which results in a set of linear equations for the Jij’s. Calculated

exchange coupling behaves anomalously to the RKKY-type predictions: J increases with
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the concentration as n1/3 at 0K and are independent of environment at fixed n. For

As@Mn2 cluster, exchange coupling J(r) oscillates between positive and negative with

rMn−Mn favoring FM and AFM solutions, respectively, as well as dies down as 1/r3Mn−Mn

(Fig. 6.6(a)), which is a typical RKKY-type behavior. But interestingly in contradiction

with the RKKY-type predictions, we find the averaged exchange coupling J̄ij decreases

as n increases in As@Mnn (Fig. 6.6), however, has a very large value ∼ 21 meV for FM

As@Mn4 and J̄ij has strong environment dependency.

6.4 Summary

In summary, we have studied the electronic and magnetic properties of pure and As-

doped manganese clusters, where, for both the cases, we find, the NCL treatment of

atomic spins is important. FM to ferrimagnetic transition takes place at n =5 for pure

manganese clusters. Single As-doping in the Mnn clusters enhances the BE of resultant

As@Mnn clusters substantially. The subsequent larger energy gain in adding an As-atom

to a Mnn cluster than that of adding a Mn-atom (△1 >> △2) clearly indicate the tendency

of Mn ‘clustering’ around As. The individual magnetic moment of the Mn atoms couple

ferromagnetically only in As@Mn2 and As@Mn4 and are ferrimagnetic in nature for all

other sizes studied here, whereas N-Mnn (n ≤ 5) were predicted to be all ferromagnetic

[102]. However, for both pure and doped clusters, several different magnetic solutions

close to the GS are possible [80]. In As@Mnn clusters, As-atom induces FM order among

its nearest neighbour Mn-atoms and calculated exchange coupling are anomalous and

behave quite differently from the RKKY-type predictions. Present results can plausibly

be discussed in the context of semiconductor ferromagnetism. The Mn clustering, during

the low temperature MBE growth, is energetically favourable and their presence even after

annealing at low (growth) temperature [154] could be responsible for the ferromagnetism

and for the wide variation of Curie temperature observed in the (GaMn)As samples and

should be taken into account to formulate an adequate theory of ferromagnetism in the

III-V semiconductors [152]. This study points out that the ferromagnetic ordering of Mn-

atoms are intrinsic for As@Mn2 and As@Mn4 clusters and the source of effective internal

magnetic field, which influences energy structure and transport. They provide the high
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temperature ferromagnetic contribution to the total magnetization. However, Xu and

Schilfgaarde [158] recently studied clustering effect and found that clustering decreases

Curie temperature whereas ordering increases it. But their study does not infer about any

particular sized cluster. Moreover, we should note that, in dilute magnetic semiconductors

the Curie temperature is controlled by the inter cluster couplings which are of long range

in case of (GaMn)As [173]. The oscillatory behaviour of exchange coupling J (Fig. 6.6)

will induce frustration which eventually could destabilize the ferromagnetism. The gas

phase experiments involving Mn clustering in a As-seeded chamber can yield the direct

information on the magnetic behavior of As@Mnn clusters. We hope, our study will

encourage such experiments.



Chapter 7

Structure, bonding and magnetism in Con clusters

In the chapters 4, 5 and 6, we have discussed the structural and magnetic properties of

pure and As-doped manganese clusters. In this chapter, we will discuss the structure,

bonding and magnetic behaviour of cobalt clusters in the size range of 2-20 atoms. We

will discuss that in the intermediate size range cobalt clusters adopt hcp structure. This

phenomena is quite different from the other 3d transition metal clusters. We discuss

how magnetic moment is related to the average bond length and average coordination

number1.

7.1 Introduction

Early transition metals in the periodic table are non-magnetic in bulk solids, and only

Fe, Co and Ni are known to be ferromagnetic among the 3d metals. However the small

clusters of early transition metals are magnetic and those of late transition metals possess

enhanced magnetic moments. For examples, chains of ferromagnetic atoms are more

magnetic than the planes, and the planes are more magnetic than the bulk.

For bulk cobalt, fcc phase is the lowest in energy in the paramagnetic state. However,

spin polarized calculation for ferromagnetic cobalt, confirms the hcp phase as the ground

state due to magnetic ordering [182]. This indicates a strong correlation between the stable

structure and magnetism. Again the stable magnetic state of cobalt is ferromagnetic for

1This chapter is based on the following paper:

(1) S. Datta, Mukul Kabir, S. Ganguly, Biplab Sanyal, T. Saha-Dasgupta and A. Mookerjee, Structure,

bonding and magnetism in cobalt clusters., Submitted to Phys. Rev. B (2006).
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all crystal structures, although a metastable antiferromagnetic state exists. This is in

contrast with other transition metals Mn, Cr and Fe which have a stable antiferromagnetic

structure in their fcc phase. This means not only the crystal structure, but also the

electronic configuration controls the magnetism. Cobalt atom has ground state electronic

configuration as 3d74s2, whereas the excited state 3d74s2 is 0.418 eV higher [183].

As we have been discussed in chapter 1, the magnetic properties of bare cobalt clusters

were first investigated via Stern-Gerlach molecular beam deflection approach by Bloom-

field and co-workers (Co20-Co215) [184] and by De Heer and coworkers (Co30-Co300) [21].

These studies showed that in the temperature range of 77-300 K cobalt clusters are su-

perparamagnetic and thus display magnetizations that increases with increasing magnetic

field but decreases with increasing temperature. For small clusters, the intrinsic per-atom

magnetic moments were found to be substantially larger than the bulk value, decreasing

in a monotonic way with increasing size and eventually reaching the bulk value at ≈ 500

atoms. We are highly motivated by the recent experiment of de Heer et al. (Co12-Co200)

[23] and most recent experiment of Knickelbein (Co7 - Co32) [22]. Here they came down

to very small cluster size (n = 7), they got enhanced magnetic moment per atom com-

pared to bulk value and the enhancement has been attributed to the lower coordination

of the surface atoms which results in a narrowing of the d-band and thus greater spin

polarization.

Information on the ground state geometry of the transition metal clusters are usually

obtained from experiments involving chemical probe methods and photoelectron spec-

troscopy. However, such study for cobalt cluster is very limited and controversial. The

chemical probe experiments [185] indicates strong evidence for icosahedral packing for

hydrogenated cobalt and nickel clusters in the 50 to 200 atom size range. Although the

structure of ammoniated iron, cobalt and nickel clusters in the size range from 19 to 34

atoms has been investigated [186] and it has been mentioned there that the bare clusters

probably adopt a variety of structure. The photoionisation experiments [187], showed

icosahedral atomic shell structures of large nickel and cobalt clusters of 50-800 atoms.

However structure was not well identified for small cobalt clusters (n ≤ 50) because sub-

shell closings are close together in the different growth sequences. Bucher et al. [184]

showed that a structural transition occurs and the isomers of different magnetic moments
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exist in the size range 55-66.

The theoretical work on cobalt cluster is also limited and results are contradictory.

Li and Gu performed first principle calculation of small cobalt clusters (4 ≤ n ≤ 19)

using spin-polarized discrete variational method within local density functional theory

[188]. But they have not optimized the structure and taken some special structures with

lattice parameters same as bulk. Guevara et al. used an unrestricted Hartree-Fock tight-

binding formalism [189], starting from an spd-bulk parametrization, although they only

considered fixed bcc and fcc geometries of upto 177 atoms without structural optimization.

Andriotis and Menon also used a tight-binding model coupled with molecular dynamic

scheme [190]. Their calculated structures are mainly a combination of fcc and hcp relaxed

geometries and some icosahedron for particular cluster sizes. Castro et al. performed all-

electron density functional calculations using both the local density approximation and

generalized gradient approximation and correlated the bonding character of 3d4s electrons

with the structural, binding and magnetic properties. However, the size of the cluster

was limited only up to 5 atoms. Recently, Lopez at al. studied Co cluster (4 ≤ n ≤ 60),

where minimization was done using an evolutive algorithm based on a many-body Gupta

potential and magnetic properties have been studied by a spd- tight-binding method [191].

As compared to ab initio methods, the parametrized tight-binding Hamiltonian reduces

the computational cost drastically, but its main problem is the lack of transferability of

its parameters. Here we have used first principle density functional theory allowing full

relaxation of the atoms in free cobalt clusters without any symmetry constraints and the

main purpose of this work is to show how the electronic as well as magnetic properties

evolve with the increase of cluster size.

7.2 Computational Details

The calculations are performed using density functional theory (DFT), within the pseu-

dopotential plane wave method. We have used projector augmented wave (PAW) method

[59, 60] and Perdew-Bruke-Ernzerhof (PBE) exchange-correlation functional [48] for spin-

polarized generalized gradient correction (GGA) as implemented in the Vienna ab-initio

Simulation Package (VASP) [112]. The 3d and 4s electrons are treated as valence electrons
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and the wave functions are expanded in the plane wave basis set with the kinetic energy

cut-off 335 eV. Reciprocal space integrations are carried out at the Γ point. Symmetry

unrestricted geometry and spin optimizations are performed using conjugate gradient and

quasi-Newtonian methods until all the force components are less than a threshold value

0.005 eV/Å. Simple cubic supercells are used with the periodic boundary conditions,

where two neighboring clusters are kept separated by at least 12 Å vacuum space. For

each size, several initial geometrical structures have been considered. To get the ground

state magnetic moment we have explicitly considered all possible spin configurations for

each geometrical structure.

7.3 Results and discussions

7.3.1 Small Clusters : Co2 - Co10

Calculated binding energies, relative energies to the ground state and magnetic moments

are given in the Table 7.1 for n = 2−14 and in Table 7.2 for n = 15 − 20 atom clusters.

Both experimental and theoretical predictions of the true ground state of the Co2 dimer is

controversial. The first experimental estimation of cobalt dimer bond length and binding

energy has been made by mass- spectroscopic technique [195], which are 2.31 Å and 1.72

eV, respectively. However, more recent collision-induced dissociation (CID) experiment

[192] has been estimated a lower bound (1.32 eV) to the dimer dissociation energy. The

present PAW pseudopotential calculation with PBE exchange correlation functional, gives

dimer binding energy as 1.4522 eV/atom and a bond length of 1.96 Å, which is 78% of the

bulk hcp cobalt. The cobalt atoms in dimer has bonding configuration nearer to 3d84s1

pattern than that of the isolated Co atom, which is 3d74s2. Therefore, in addition to

the highly delocalized 4s electrons, the more localized 3d electrons also contribute to the

bonding, which, consequently, produces a shorter bond length for the dimer. Leopold

and Lineberger [193], by photoelectron spectroscopy on Co2, have found that the 3d

electrons contribute strongly to the bonding. Compared to neutral cobalt dimer, the CID

experiment [192] gave high value of bond dissociation energy for cobalt dimer cation Co+2

which is formed by combining a ground state atom Co (3d74s2) with a ground state atomic

ion Co+ (3d8) and, therefore, no promotional energy is required to form cationic dimer.
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Infact, the bonding in Co+2 is relatively strong compared with other first-row transition

metal dimer cations [194]. On the other hand, formation of neutral cobalt dimer requires

promotion of both the ground state atoms to Co (3d84s1), which is 0.42 eV above the

ground state (3d7 4s2) configuration. We found that Co2 dimer has a total magnetic

moment of 4 µB, which is also consistent with earlier mass spectroscopic measurement

[195]. The bond length of a cobalt dimer suggested by Shim and Gingerich [196], on the

basis of their HF-CI calculations, is 2.43 Å [196], which is much higher than the present

value. However, the present value for the bond length and binding energy agrees with the

previous first-principles calculations [197, 198, 120].

For Co3 cluster, we have studied linear and triangular structures. An isosceles triangle

with total magnetic moment 5 µ is found to be the ground state with binding energy 1.7834

eV/atom. Each of the two equal sides has length 2.19 Å and other one has length 2.10 Å.

Another isosceles triangle with two long and one short bond lengths of 2.25 Å and 2.06 Å is

found to be nearly degenerate with the ground state (lies only 0.003 eV higher in energy).

According to the present calculation, the linear structure with a total magnetic moment

of 7 µB is about 0.4302 eV higher than the ground state. The spin resonance spectra of

Co3 in Ar/Kr matrix, indicated a triangular structure and a total spin of 5 or 7 µB [184].

The CID study predicts a dissociation energy greater than 1.45 eV and Co+3 cation bond

energy is larger than neutral Co3. Yoshida et al. [199] reported that Co−3 has a linear

structure with bond distance of 2.25 - 2.5 Å based on their photoelectron spectra study.

The all-electron (AE) density functional calculation [197] reported that the equilibrium

structure for Co3 is an isosceles triangle with bond lengths (2.12, 2.12, 2.24 Å), which has

1.7 µB/atom magnetic moment. While the tight-binding study [190] reported an isosceles

triangular structure with much larger bond lengths (2.55, 2.69, 2.69 Å) to be the ground

state, which has comparatively large magnetic moment, 2.33 µB/atom.

The experimental results on Co4 is very limited. The CID study gave a dissociation

energy of 2.41 eV. [192] Youshida et al. [199] found a tetrahedral structure with a bond

length of ≈ 2.25±0.2 Å as the ground state for Co−4 cluster anion. We examined with

three different configurations for neutral Co4 cluster: tetrahedral, rectangular and linear

structures. A distorted tetrahedron with a total magnetic moment of 10 µB is appearing

as the most stable structure, which has 2.2743 eV/atom energy and the average bond
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µ Β(9, 0.5266 eV, 17 ) µ Β(10, 0.000 eV, 18 ) µ Β(10, 0.0846 eV, 20 )

Bµ(2, 0.000 eV, 4 ) Bµ(3, 0.000 eV, 5 ) Bµ(3, 0.0028 eV, 7 )

Bµ(4, 0.1062 eV, 10 )Bµ(4, 0.000 eV, 10 ) Bµ(5, 0.000 eV, 13 )

Bµ(5, 0.1264 eV, 11 ) Bµ(6, 0.000 eV, 14 ) Bµ(6, 0.869 eV, 12 )

Bµ(7, 0.000 eV, 15 ) Bµ(7, 0.1921 eV, 15 ) µ Β(8, 0.000 eV, 16 )

(8, 0.4002 eV, 16 µ Β) µ Β(8, 0.4835 eV, 16 ) µ Β(9, 0.000 eV, 17 )

Figure 7.1: Equilibrium geometries of the energetically lowest isomers of cobalt

cluster for n = 2-10. Numbers in the parenthesis represent number of atoms

in the cluster, relative energy to the ground state and total magnetic moment,

respectively.
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length is found to be 2.3356 Å. Among the six sides of this tetrahedral ground state,

two pairs have equal length of 2.14 Å, while the third pair is much larger, 2.72 Å. The

initial rectangular structure becomes a rhombus after optimization, which has a total

magnetic moment of 10 µB and lies 0.1062 eV higher in energy, is the next energetically

favourable state, which has sides of length 2.14 Å and two diagonals of 2.67 Å and 3.35

Å. Our results for Co4 are consistent with previous calculations [197, 191, 188, 190, 189].

Castro et al. [197] also predicted a strong Jhan-Teller distorted tetrahedron with bond

lengths almost equal to the present value, as the ground state structure. The distorted

tetrahedral ground state structure is accomplished by a reduction of some interatomic

distances (and the enlargement of other bonds) until some short equilibrium bond lengths

result for which there is a more effective participation of the (short range) 3d-electrons in

the bonds. In fact, in the distorted tetrahedron, there are some bond lengths (these are

always on opposite TM-TM sides), which have values close to that of the dimer; these

bonds have high 3d contributions and they are, therefore, the major source of increase of

the bonding in the distorted structures. For both the ground states and the first isomer,

the magnetic moment is found to be 2.5 µB/atom. The optimal linear structure is much

more higher in energy than the ground state.

We took trigonal bipyramid, square pyramid and two planar structures viz. a double

triangle connected at a vertex and a pentagon as the initial structures for Co5 cluster. The

trigonal bipyramid with total magnetic moment 13 µB is the most stable structure with

2.553 eV/atom binding energy and average bond length of 2.339 Å. In this most stable

configuration, there are two types of bond lengths: upper three sides of top triangular

pyramid and lower three sides of bottom triangular pyramid, all have same length of 2.18

Å, while each side of the interfacing planar triangle is much larger, 2.65 Å. Another

triangular bipyramid of total magnetic moment 11 µB and a square pyramid of total

magnetic moment 11 µB are appearing as degenerate first isomer (∼ 0.125 eV above

from ground state). The optimal planar pentagon with a magnetic moment 11 µB lies

much, 1.0375 eV, higher and the double triangle structure is even higher in energy from

ground state. Previous all-electron calculation with GGA functional by Castro et al. [197]

predicted a triangular bipyramid with average bond length 2.28 Å and magnetic moment

2 µB/atom to be the ground state. Lopez et al. [191] also got a trigonal bipyramidal
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structure as the ground state with average bond length of 2.37 Å, but their magnetic

moment is quite high 2.94 µB/atom.

We have studied caped trigonal bipyramid, octahedron and pentagonal pyramid to

search the ground state for Co6 cluster. From now on for the larger clusters, the planar

structures have been discarded by intuition. Here a octahedral structure with 14 µB total

magnetic moment is found to the ground state. An initial caped triangular bipyramidal

structure relaxes to an octahedron with 14 µB magnetic moment. Each side of this oc-

tahedron is about 2.27 Å and has binding energy of 2.929 eV/atom. Another slightly

distorted octahedron of total magnetic moment 12 µB appears as the first isomer. How-

ever, it is 0.869 eV higher compared to the ground state. The first isomer predicted by

Lopez et al. [191] is different from our, which is a caped trigonal bipyramid. The optimal

pentagonal pyramid lies much higher, 1.7 eV, in energy compared to the ground state and

this has a total magnetic moment of 12 µB. Comparing with previous theoretical studies

[191, 188, 200, 198], we can say, that the octahedral structure is generally accepted as

the most stable structure for Co6. Although, the tight-binding calculation [190] predicted

a different geometry with Td symmetry. Both the local density approximation calcula-

tion [188] and the tight-binding calculation [188] predicted same magnetic moment as

the present value. However, the tight-binding calculation [190] gives much larger average

bond length, 2.76 Å, while Lopez et al. [191] predicted a quite higher magnetic moment,

2.73 µB for the ground state. The CID experiment [192] estimated a bond dissociation

energy as 3.31 eV. Yoshida et al. [199] showed by photoelectron spectroscopy study that

pentagonal pyramid with bond distances ∼ 2.75 ± 0.1 Å is the most probable structure

for Co−6 anion cluster, i.e. the structure is strongly correlated with the charged state of

the cluster.

For Co7 cluster, the closed packed structures are caped octahedron, pentagonal bipyra-

mid and bicaped triangular bipyramid. However, after geometry optimization, caped oc-

tahedron with total magnetic moment 15 µB is appearing as the most stable structure

with average bond length 2.29 Å, which has 2.9711 eV/atom binding energy. The ex-

perimentally measured magnetic moment is 2.359 ± 0.248 µB [22], which is a little bit

higher than our results. The dissociation energy is predicted to be 2.65 eV by the CID

experiment [192]. The optimal pentagonal bipyramid has a total magnetic moment of 15
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µB, which lies 0.1921 eV higher in energy from the ground state. This is the first isomer,

which has an average bond length of 2.3159 Å. Another pentagonal bipyramid of total

magnetic moment 13 µB, which lies 0.3515 eV higher in energy from the ground state is

the second isomer and a bicaped triangular bipyramid with total magnetic moment 15

µB, which lies 0.4219 eV higher is the third isomer. The previous theoretical results are

quite contradictory to our results. Using Gupta potential, Lopez et al. [191] found a

pentagonal bipyramidal structure as the ground state, which has an average bond length

of 2.40Å and 2.81 µB/atom magnetic moment and predicted a caped octahedra as the

first isomer. Fan et al. [198] also favoured a pentagonal bipyramidal structure with 15

µB magnetic moment as the most stable structure.

We have studied three different geometries for Co8, viz., bicaped octahedron, caped

pentagonal bipyramid and tricaped triangular bipyramid. The bicaped octahedron with

total magnetic moment 16 µB is the most stable structure, which has 3.0736 eV/atom

binding energy and 2.304 Å as average bond length. The experimental bond dissociation

energy is predicted to be 2.93 eV [192] and the magnetic moment is predicted to be, 2.510

± 0.154 µB/atom [22], which is higher than the present value. The optimal tricaped

triangular bipyramid with total magnetic moment 16 µB lies 0.4 eV higher in energy from

the ground state is predicted to be the first isomer. This isomer has an average bond

length of 2.309 Å. The optimal caped pentagonal bipyramid with magnetic moment 16

µB and average bond length of 2.324 Å is found to be the second isomer, which lies 0.4835

eV higher in energy. Lopez et al. [191] found a bicaped octahedral structure as the most

stable structure with an average bond length of 2.39 Å and a magnetic moment of 2.69

µB/atom. Guevera et al. [189] found a magnetic moment of their nonoptimized Co8

structure as 2.25 µB, which is in between our and the experimental value.

For the Co9 cluster, we took tricaped octahedron and bicaped pentagonal bipyramid

as the initial configurations. A distorted tricaped octahedron is found to be the most

stable structure with 3.1428 eV/atom binding energy, which has 17 µB total magnetic

moment. The experimentally predicted magnetic moment, 2.38 ± 0.11 µB/atom [22], is

higher than the present value and the experimental dissociation energy is found to be

2.89 eV [192]. The optimal bicaped pentagonal bipyramid with a total magnetic moment

of 17 µB, which lies 0.5266 eV higher in energy, is the first isomer. The average bond
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length for these two structures are 2.309 and 2.336 Å, respectively. However, Lopez et al.

[191], found a bicaped pentagonal bipyramid as the ground state, which had a magnetic

moment of 2.63 µB/atom.

Different tricaped pentagonal bi-pyramid structures (TCPBP) along with different

tetra capped octahedral structures were taken as initial structures for Co10 cluster. A

TCPBP structure with 18 µB total magnetic moment is found to be the ground state.

This ground state has an average bond length of 2.347 Å and has 3.1365 eV/atom binding

energy. Experimental measured value is 2.07 ± 0.10 µB. The CID study [192] predicted

the bond dissociation energy of Co10 cluster to be 3.05 eV. Our predicted magnetic mo-

ment is quite smaller compared to those of its neighbours which is indeed the case in

experimental scenario. This is because of the fact that TCPBP is an icosahedral frag-

ment. For this structure average coordination and average bond lengths are slightly higher

and the competing effect of these two makes the magnetic moment smaller than its neigh-

bouring clusters. Another TCPBP with total magnetic moment 20 µB which lies 0.0846

eV higher in energy compared to ground state is the first isomer. This structure has

2.355 Å average bond length. Lopez et al. [191] predicted a TCTBP structure with 2.45

µB/atom magnetic moment as the ground state, whereas Guevara et al. [189] predicted

a fcc structure with magnetic moment 2 µB/atom.

7.3.2 Intermediate size clusters: Co11 - Co20

As the number of atoms in the cluster increases, the determination of the ground state

become a difficult task as the number of minima in the potential energy surface increases

with the number of atoms in the cluster. However, for each cluster we have considered

several possible geometrical structures as initial guess and we relax all of them for all

possible spin multiplicities. The predicted ground state structure along with an another

isomer for each cluster have been shown in Fig. 7.2.

A 13-atom close packed hexagonal structure consists of a hexagonal ring around a

central atom and two triangular planes above and below it i.e. 3,7,3 stacking, while a 13-

atom closed packed icosahedral structure has two pentagonal rings, two apex points and

a central point i.e. of 1,5,1,5,1 stacking. The initial structures for both the Co11 and Co12
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Table 7.1: Binding energy, relative energy to the GS (△E = E − EGS) and magnetic

moment (with a comparison to the SG experiment [22]) for Con (n = 2-14) clusters.

Cluster Eb △E Magnetic Moment

(eV/atom) (eV) (µB/atom)

Theory SG Exp. [22]

Co2 1.4522 0.0000 2.00 −
Co3 1.7834 0.0000 1.67 −

1.7825 0.0028 2.33

Co4 2.2743 0.0000 2.50 −
2.2478 0.1062 2.50

Co5 2.5530 0.0000 2.60 −
2.5279 0.1253 2.20

Co6 2.9290 0.0000 2.33 −
2.7842 0.8690 2.00

Co7 2.9711 0.0000 2.14 2.359 ± 0.248

2.9437 0.1921 2.14

Co8 3.0736 0.0000 2.00 2.510 ± 0.154

3.0235 0.4002 2.00

3.0134 0.4835 2.00

Co9 3.1428 0.0000 1.89 2.385 ± 0.108

3.0842 0.5266 1.89

Co10 3.1365 0.0000 1.80 2.072 ± 0.10

3.1280 0.0846 2.00

Co11 3.2048 0.0000 1.91 2.422 ± 0.085

3.2033 0.0161 1.91

Co12 3.2517 0.0000 2.00 2.257 ± 0.085

3.2431 0.1025 1.89

Co13 3.2790 0.0000 1.92 2.297 ± 0.070

3.2683 0.1396 2.08

3.2662 0.1666 2.38

Co14 3.3225 0.0000 2.00 2.289 ± 0.063

3.3222 0.0044 2.00

3.3222 0.0053 1.71

3.3220 0.0071 1.86

3.3200 0.0075 2.14
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Table 7.2: Binding energy, relative energy to the GS (△E = E − EGS) and magnetic

moment (with a comparison to the SG experiment [22]) for Con (n = 15-20) clusters.

Cluster Eb △E Magnetic Moment

(eV/atom) (eV) (µB/atom)

Theory SG Exp. [22]

Co15 3.3965 0.0000 2.07 2.381 ± 0.026

3.3934 0.0462 1.93

3.3882 0.1245 2.20

3.3852 0.1687 1.80

3.3851 0.1709 1.93

Co16 3.4579 0.0000 2.13 2.531 ± 0.038

3.4576 0.0050 2.00

3.4449 0.2081 1.88

3.4386 0.3076 2.25

3.4379 0.3192 1.88

Co17 3.5135 0.0000 2.06 2.240 ± 0.037

3.5062 0.1232 2.18

3.5036 0.1672 1.94

3.4895 0.4073 1.82

3.4657 0.8124 2.06

Co18 3.5550 0.0000 2.00 2.072 ± 0.037

3.5536 0.0244 2.11

3.5442 0.1944 1.89

3.5233 0.5714 2.00

Co19 3.6066 0.0000 2.05 2.209 ± 0.029

3.5974 0.1738 1.95

3.5814 0.4782 1.84

3.5591 0.9011 1.74

3.5457 1.1575 2.16

3.5424 1.2199 1.95

Co20 3.6200 0.0000 2.00 2.037 ± 0.049

3.6070 0.2621 1.90

3.5883 0.6335 1.80

3.5755 0.8910 2.10

3.5649 1.1030 1.90
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µ B(13.1, 0.000eV, 1.92 ) µ B(13.3, 0.1666eV, 2.38 ) µ B(14.1, 0.000eV, 2.0 ) µ B(14.2, 0.0044eV, 2.0 )

µ B(16.1, 0.000eV, 2.125 )µ B(15.1, 0.000eV, 2.07 ) µ B(15.5, 0.1709eV, 1.93 ) µ B(16.5, 0.3192eV, 1.88 )

µ B(17.1, 0.000eV, 2.06 ) µ B(17.5, 0.8124eV, 2.06 ) µ B(18.1, 0.000eV, 2.0 ) µ B(18.4, 0.5714eV, 2.0 )

µ B(19.1, 0.000eV, 2.05 ) µ B(19.6, 1.2199eV, 1.95 ) µ B(20.1, 0.000eV, 2.0 ) µ B(20.5, 1.103eV, 1.9 )

Figure 7.2: The ground state and a few higher energy structures for the size range

n = 11 − 20. The first number in the parenthesis n.k indicates that the structure

corresponds to the k-th isomer of Con cluster. Second and third entries give the

relative energy to the ground state and total magnetic moment, respectively of

k-th isomer.

clusters, have been derived from these 13-atom closed packed structures by removing 1 or

2 atoms, respectively. As initial structures, we considered two hexagonal structures (4,7

and 3,5,3 stackings) and two icosahedral structures (5,1,5 and 1,5,1,4 stackings). After

relaxation, all the structures are distorted heavily. The distortion of the 4,7 hexagonal

structure is such that one atom from the hexagonal ring comes out of the plane and

is the most stable configuration with binding energy 3.2048 eV/atom. This structure
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has a total moment 21 µ. The experimentally measured magnetic moment, 2.42 ± 0.09

µB/atom [22] is considerably higher than the present value, 1.91 µB/atom. The initial

1,5,1,4 icosahedral structure is found to be the next isomer after relaxation, which is

0.0161 eV higher from ground state and has a total magnetic moment 21 µB.

For Co12, we have tried with two hcp structures: one with 3,6,3 stacking (without

the central atom) and the other with 2,7,3 stacking (with the central atom) and two

icosahedral structures: a closed icosahedral structure without one apex atom and a closed

icosahedral structure without the central atom. The initial hexagonal structures After

relaxation the initial hcp structures undergo a considerable rearrangement to a structure,

which consists of a plane of 7 atoms coupled with another plane of 5 atoms. This structure

having a magnetic moment of 24 µB is the ground state, which has 3.2517 eV/atom

binding energy. An structural rearrangement has also been seen for 1,5,5,1 icosahedral

structure, which looks like a hcp fragment of 3,5,4 staking after relaxation. This structure

has a magnetic moment of 22 µB and has 3.2431 eV/atom magnetic moment. The other

icosahedral structure with 1,5,1,5 stacking does not lead to such rearrangement after

relaxation. However, it lies much higher in energy compared to ground state. The ground

state magnetic moment, agrees with the recent SG experiment [22] and the previous

theoretical calculations as well [191, 189]

The obvious candidates for the Co13 cluster are the icosahedral, hexagonal close packed

(HCP), cuboctahedral and face-centered cubic structures. The distorted hexagonal struc-

ture is found to be the ground state and it can be seen as the most stable Co11 with

additional two caped atoms. This structure has total magnetic moment of 25 µB and has

3.279 eV/atom energy. Knickelbein found the experimental moment to be 2.297 ± 0.07

µB/atom [22], which is slightly higher than the present value, 1.92 µB/atom. However,

this is in good agreement with Bucher et al. [184], who predicted 2.08 µB magnetic mo-

ment, which is rather close to the present value. Another distorted hcp structure with

total magnetic moment 27 µB is found to the first isomer, which lies 0.1396 eV higher in

energy. The optimal icosahedral structure has a total magnetic moment of 31 µB, which is

0.1666 eV higher in energy appears to be the second isomer. The optimal fcc and cubooc-

tahedral structures are much higher in energy compared to the ground state. Because of

close packness of the icosahedral structure, its average coordination is higher and the av-
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erage bond length is smaller than the distorted hcp ground state. The present prediction

of hcp ground state is in agreement with the previous calculations [190]. However, there

are some other calculations [191, 200], which favour the icosahedral structure.

For Co14 cluster, the trial structures are a complete icosahedra with a single atom

capping and a hexagonal with 3,7,4 stacking. Icosahedral structure with total spin 28 µB

and the hexagonal structure with the same magnetic moment µB are almost degenerate.

They are separated by only 0.0044 eV energy. However, we found several isomers which

lie very close to these structures. An icosahedral structure of total magnetic moment 24

µB, an hexagonal structure of 26 µB and another icosahedra of total magnetic moment

30 µB lie only 0.0053 eV, 0.0071 eV and 0.0075 eV above the ground state,respectively.

The very recent SG experiment has been predicted a magnetic moment of 2.289 ± 0.063

µB/atom for Co14 cluster. Guevara et al. [189] predicted a magnetic moment of fcc Co14

as 2.14 µB/atom and Lopez et al. [191] predicted it to be 2.38 µB/atom.

For the Co15 cluster, the hexagonal structure with 4,7,4 atomic staking is found to

the ground state, which has 3.3965 eV/atom binding energy. This structure has 31 µB

magnetic moment. The experimental [22] magnetic moment is slightly higher than the

present value. The other hexagonal structures with total magnetic moments 29 µB, 33

µB and 27 µB lie 0.0462 eV, 0.1245 eV and 0.1687 eV higher than the ground state,

respectively. The optimal icosahedral structure has 1,5,1,5,1,2 staking lies 0.1709 eV

higher, which has 29 µB magnetic moment is the fourth isomer.

The same structural growth is observed in the case of Co16. Hexagonal structure

with a magnetic moment of 34 µB is found to be the ground state for Co16 cluster.

This structure has a 4,7,5 staking and 3.4579 eV/atom binding energy. Another three

hexagonal structures with magnetic moments 32 µB, 30 µB and 36 µB are found to be

next isomers, which lie 0.005 eV, 0.2081 eV and 0.3076 eV higher in energy,respectively.

The optimal icosahedral structures with 1,5,1,5,1,3 staking and with magnetic moments

30 µB and 32 µB lie 0.3192 eV and 0.3552 eV higher, respectively. The other icosahedral

structure with 5,1,5,4 stacking is higher in energy.

The hexagonal structure with magnetic moment 35 µB is the ground state for Co17

cluster. This structure has 5,7,5 staking and 3.5135 eV/atom binding energy. The present

moment, 2.06 µB is slightly smaller than the SG experimental value, 2.24 ± 0.04 µB/atom
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[22]. The next three isomers are also hexagonal structures with magnetic moments 37 µB,

33 µB and 31 µB, which lie 0.1232 eV, 0.1672 eV and 0.4073 eV higher than the ground

state,respectively. The 5,1,5,1,5 icosahedral structure with magnetic moment 35 µB, which

lies 0.8124 eV higher is found to be the fourth isomer.

For Co18 cluster a hcp structure with 6,7,5 staking and a total magnetic moment of 36

µB is found to be the ground state. This has a binding energy of 3.6066 eV/atom. The

magnetic moment is in agreement with the experimental value, 2.072 ± 0.04 µB/atom.

The other two hcp structures of magnetic moments 38 µB and 34 µB, which are 0.0244

eV and 0.1944 eV higher in energy are the first and second isomers, respectively. The

icosahedral structure of total magnetic moment 36 µB and which is 0.5714 eV higher is

the the third isomer. Another hexagonal structure with total magnetic moment 32 µB is

the fourth isomer, which lies 0.5939 eV higher in energy.

For Co19 cluster, we have investigated a double icosahedral stacking and a hcp struc-

ture with 6,7,6 staking and a cuboctahedral structure. The hcp structure with a total

magnetic moment of 39 µB is the most stable structure with 3.6066 eV/atom binding

energy. The predicted magnetic moment, 2.05 µB/atom, is in agreement with the recent

SG experimental value, 2.209 ± 0.029 µB/atom [22]. The next four isomers are also found

to be of same hcp packing. These isomers with magnetic moments 37 µB, 35 µB, 33 µB

and 41 µB, which lie 0.1738 eV, 0.4782 eV, 0.9012 eV and 1.1575 eV higher than the

ground state, respectively. On the other hand, the optimal icosahedral structure has a

total magnetic moment of 38 µB, which lies 1.2199 eV higher from the ground state and is

the fifth isomer. The fcc and hcp fragments have also been proposed in the previous theo-

retical calculations [188, 189], however, some calculations [191, 190] predicted icosahedral

ground state for Co19.

For Co20, we have studied a hcp structure with a caped atom on the 19-atom hcp

structure and an icosahedral structure which is a singly capped 19-atom double icosahedra.

Again the hexagonal structure with 3.62 eV/atom binding energy is found to be the ground

state. This hcp ground state has a magnetic moment of 40 µB, which is in agreement with

the SG experimental value, 2.037 ± 0.049 µB/atom [22]. Similar to what we have seen for

Co15, Co16, Co17, Co18 and Co19 clusters, the next isomers are also of hcp motif. The hcp

structures with magnetic moments 38 µB, 36 µB and 42 µB which are 0.2621 eV, 0.6335 eV
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and 0.891 eV higher are found to be the first, second and third isomers, which lie 0.2621

eV, 0.6335 eV and 0.891 eV higher, respectively. The optimal icosahedral structure has

total magnetic moment 38 µB, which lies 1.103 eV higher than the hcp ground state is

the fourth isomer.

7.3.3 Binding energy, stability and dissociation energy

Calculated binding energies are are plotted in Fig.7.3 for Con clusters in the size range

n =2-20. Since the coordination number increases with the number of atom in the cluster,

the binding energy increases monotonically. The binding energy of the largest cluster

studied here (Co20) is 3.62 eV/atom, which is 83 % of the experimental bulk value, 4.40

eV/atom [182], for hcp cobalt. Upon extrapolation of the linear fit to the binding energy
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Figure 7.3: Plot of binding energy per atom as a function of cluster size n for

the entire size range 2 ≤ n ≤ 20. The dashed line corresponds to bulk binding

energy per atom of cobalt. (a) Plot of second difference, ∆2E in total energy,

which represents the relative stability.(b) Plot of the same as a function of 1/n
1

3

for the clusters Con, 2 ≤ n ≤ 20 and a linear fit (B.E. = −3.90 1

n
1

3

+ 5.00) to the

data.



Chapter 7. Structure, bonding and magnetism in Con clusters 131

per atom data to n−1/3 (Fig.7.3(a)), we can estimate the binding energy of the infinitely

large cluster. This is found to be 5 eV/atom, which is much larger than that of the hcp

bulk cobalt, 4.40 eV/atom [182]. However, within the same level of theory we found the

cohesive energy to be 5.11 eV/atom for hcp bulk cobalt. This overestimation is consistent

with the previous DFT calculations [182].

A close investigation of the binding energy curve reveals kinks at n= 6, 9 and 19. These

kinks represent enhanced stability compared to their neighbouring clusters. Therefore, it

would be interesting to investigate the second difference in the total energy: ∆2E(n) =

E(n + 1) + E(n − 1) − 2E(n), where E(n) represents the total energy of an n−atom

cluster. As ∆2E(n) represents the stability of the corresponding cluster compared to its

neighbors, the effect will be prominent. ∆2E has been plotted in Fig.7.3(b), where we see

the peaks at n = 6, 9 and 19. The stable structure for n = 6 is an octahedron and for n =

9, it is a distorted tricapped octahedron. Note that these two structures are the fragments

of a hexagonal structure. The CID experiment has also been indicated a maximum at n

= 6 in the measured dissociation energy, which indicates higher stability of the hexamer.

The extra stability of hexamer indicates that the octahedral structure can be act as a

building block for larger size clusters and, indeed, for Co15-Co20 clusters, we have found

a distinct hexagonal growth pattern and an octahedron is just a fragment of hexagonal

structure. The calculated stability (Fig.7.3 (b)) shows minima at n = 3, 5, 7, 10 and 14,

which are probably related to their weak bonding and low coordination compared to their

neighbours.

This can be further demonstrated by studying the dissociation energies as a n-atom

cluster fragments to m- and (n −m)-atom clusters. The m-channel dissociation energy

can be calculated as,

Dm(n) = E(m) + E(n−m)− E(n), (7.1)

where E(n), E(m) and E(n−m) are the total energies of n, m and n−m atom clusters,

respectively. We have plotted the calculated single channel (D1) and dimer channel (D2)

dissociation energies in Fig.7.4 and D1 is compared with the CID experiment [192]. Hales

et al. [192] estimated the single channel dissociation energy for the neutral Con clusters.

However, they have estimated this dissociation energy through an indirect method: Actu-

ally, they have measured the dissociation energy by collision-induced dissociation of Co+n
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Figure 7.4: Plot of single channel, D1 and dimer channel, D2, dissociation energy

as a function of n. We compare our calculated single channel dissociation with

the CID experiment.

clusters and derived the same for the neutral Con clusters by using the ionization energies

(IE) of the neutral Con clusters measured by Yang and Knickelbein [201], and Parks et

al. [202], i.e. Dexp
1 = D1(Co

+
n ) + IE(Con) − IE(Con−1). The calculated single channel

dissociation energy, D1 shows a peak at n =6 and deeps at n = 5, 7 and 10, which are

consistent with the stability analysis. However, we do not find any deep in the dissociation

energy at n =14, what has been seen in CID experiment. Generally the single channel

dissociation energy is the most favourable except for n =4, where the dimer dissociation

(Co4 → Co2 + Co2) is favorable than the single channel (Co4 → Co3 + Co) dissociation.

To illustrate this we calculated the average bond lengths and average coordination

number, which have been plotted in the Fig.7.5(a) and Fig.7.5(b), respectively, as a

function of cluster size in their respective ground state. These two quantities are closely

related to the structure of the cluster. We define the average bond length as 〈r〉 =
1
nb

∑
i>j rij, where rij is the bond distance between the j-th and i-th atom, and nb is the

number of such bonds. Here we consider that two atoms are bonded if their interatomic

distance is within 2.91 Å, which is around the average of the first (2.51 Å) and second (3.54
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Figure 7.5: Plot of (a) average bond length and (b) average coordination, as

function of cluster size.

Å) nearest-neighbour distances in bulk. The average coordination number in a cluster is

defined as 〈nc〉 = 1
n

∑
k nk where nk is the number of neighbours within the chosen cut-off

of the k-th atom in the cluster of n atoms.

The convergence of average bond length to the bulk value (2.51 Å) is much faster than

the convergence of average coordination, which is far below the bulk value (12 for hcp

Co). Deeps at n = 6 and 9 in Fig. 7.5(a) indicate that in these clusters are closely spaced

and are more stable than the neighbouring structures. While the peeks n = 5, 10 and 14

in Fig. 7.5(a) and at n = 10 and 14 in Fig. 7.5(a) at n = 14 indicate those atoms in this

cluster are quite far away than their respective neighbours. Note that for n = 14, two

degenerate ground states have been observed: one with icosahedral symmetry and other
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has hexagonal symmetry.

7.4 Magnetic moment

The calculated magnetic moments are plotted in Fig.7.6 as a function of cluster size (n).

The Co-Co interaction is always ferromagnetic for the entire size range studied, as it is

for hcp bulk cobalt. However, the magnetic moment (2−2.5 µB/atom) is larger than the

hcp bulk value, 1.72 µB/atom [24]. This enhancement is moment in a few atom cluster

can readily be understood from the more localized d-electrons resulting from the decrease

in effective hybridization. The calculated magnetic moments are in good agreement with

the very recent SG experiment by Knickelbein [22]. Fig.7.6 shows a qualitative agreement

between the calculated and the experimental value, though the calculated moments are

always underestimated. This may be due to the fact that we did not include the spin-orbit
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Figure 7.6: Size dependent variation of magnetic moment of the corresponding
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results (Ref. [22]).
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interaction in the present calculation. Moreover, it should remember that the magnetic

moments in a magnetic deflection measurement are derived within a models, which may

influence the value. For example, Knickelbein used either superparamagnetic or locked

moment model to derive the moments experimentally for Con clusters [22].

The magnetic moment is strongly correlated with the effective hybridization, which

is related to the average bond length and average coordination number. As the 〈nc〉
decreases the the magnetic moment should increase through the decrease in effective

hybridization. On the other hand, the dependency of magnetic moment on the 〈r〉 is

directly proportional: A decrease in 〈r〉 results in decrease in magnetic moment through

the enhancement in effective bonding. Fig.7.5(a) and Fig.7.5(b) show that as we go to

n = 4 to n =10, both the 〈r〉 and 〈nc〉 decrease, whereas Fig.7.6 shows that the magnetic

moment per atom increases. Therefore, within these two competing contributions (〈r〉
and 〈nc〉) to the magnetic moment, the average coordination number dominates over the

average bond length in the size range n =4-10.

In the intermediate size range, n =11-10, the variation of 〈r〉 (Fig.7.5a) and 〈nc〉
(Fig.7.5b) is very slow with n, and therefore, the magnetic moment per atom does not

vary rapidly, which are around 2 µB/atom for all the clusters in this size range. So, to

illustrate the effect of 〈r〉 and 〈nc〉 on the magnetism in this intermediate size range we

compare these two quantities for the optimal hcp and icosahedral structures (see Fig.7.2).

It has been seen that for a hcp, both the 〈r〉 and 〈nc〉 are smaller than the corresponding

icosahedral structure for a particular n-atom cluster. In addition the magnetic moments of

optimal hcp clusters are always larger than or equal to that of the corresponding optimal

icosahedral clusters, which again demonstrates that in this intermediate size range also

the coordination dominates over the average bond length.

7.5 Conclusion

In this chapter we have discussed structure, bonding and magnetism in Con clusters in the

size range n =2-20. In the intermediate size range clusters adopt hcp structural packing.

The calculated magnetic moments are in good agreement with the recent SG experiment:

they follow the same trend but are always underestimated. It is found that the effect of
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average coordination number dominates over the average bond length to determine the

effective hybridization and, therefore, the magnetic moment of the cluster.



Chapter 8

About this thesis and outlook

In this chapter we will discuss about the work done for this thesis. Chemical and mag-

netic interactions in low dimensional nanostructures give rise to novel properties. It is

essential to understand these complex interactions in microscopic detail from the point

of view of fundamental understanding and also due to enormous possibilities of techno-

logical applications. By the usage of the state of the art electronic structure techniques

based on density-functional theory (DFT) as well as tight-binding method, my interest

evolves with the microscopic detail of these systems, which is extremely useful for the

fundamental understanding as well as manipulating electronic and magnetic properties of

technologically important materials.

In this thesis, we have concentrated mainly on the calculation of structural, electronic

and magnetic properties of transition-metal clusters. We have also discussed the effect of

doping to all these properties in these clusters. Our calculations were always motivated

by some experiments, which is very important for a theoretical study. For example,

mass abandance spectra, collision-induced dissociation experiments have been done on

these clusters studied here in this thesis. Moreover, form the magnetic point of view,

the Stern-Gerlach experiments are important to follow and nowadays, experimentalists

have achieved to make free standing clusters as small as 5-atoms in it and measure their

magnetic properties through cluster beam deflection measurements. We have closely

followed all these experiments.

Most of the calculations on structural, electronic and magnetic properties we have

used density function theory within the PAW pseudopotential method and we have always

137
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used PBE functional for the exchange-correlation energy. However, we have developed a

parametraized tight-binding molecular dynamics to study copper clusters. In the following

I, very briefly, describe how the thesis has been evolved.

In the chapter 1 we have introduced the physics of cluster. We have discussed its im-

portance form both the scientific and technological point of view. We also have focused on

the experimentally observed unexpected magnetic behaviour in the clusters of transition

metal clusters, what has been observed through Stern-Gerlach cluster beam experiments.

In the chapter 2 we have discussed our tight-binding molecular dynamics method,

what we have implemented later for copper clusters. We have also discussed the basic

ideas of many-body problem from the first-principles and we have also discussed the PAW

pseudopotential method briefly. This is used to study Mnn, As@Mnn and Con clusters.

In the chapter 3 we have implemented the tight-binding molecular dynamics (what we

have been discussed in the Chapter 2) with parameters fitted to first-principles calculations

on the smaller clusters and with an environment correction, to be a powerful technique for

studying large transition/noble metal clusters. In particular, the structure and stability

of Cun clusters for n = 3− 55 are studied by using this technique. The results for small

Cun clusters (n = 3 − 9) show good agreement with ab initio calculations and available

experimental results. In the size range 10 ≤ n ≤ 55 most of the clusters adopt icosahedral

structure which can be derived from the 13-atom icosahedron, the polyicosahedral 19-,

23-, and 26-atom clusters and the 55-atom icosahedron, by adding or removing atoms.

However, a local geometrical change from icosahedral to decahedral structure is observed

for n = 40 − 44 and return to the icosahedral growth pattern is found at n = 45 which

continues. Electronic “magic numbers” (n = 2, 8, 20, 34, 40) in this regime are correctly

reproduced. Due to electron pairing in HOMOs, even-odd alternation is found. A sudden

loss of even-odd alternation in second difference of cluster binding energy, HOMO-LUMO

gap energy and ionization potential is observed in the region n ∼ 40 due to structural

change there. Interplay between electronic and geometrical structure is found.

In the chapter 4 we systematically investigate the structural, electronic and magnetic

properties of Mnn clusters (n = 2−20) within the ab-initio pseudopotential plane wave

method using generalized gradient approximation for the exchange-correlation energy.

A new kind of icosahedral structural growth has been predicted in the intermediate size



Chapter 8. About the thesis and outlook 139

range. Calculated magnetic moments show an excellent agreement with the Stern-Gerlach

experiment. A transition from ferromagnetic to ferrimagnetic Mn−Mn coupling takes

place at n = 5 and the ferrimagnetic states continue to be the ground states for the

entire size range. Possible presence of multiple isomers in the experimental beam has

been argued. No signature of non-metal to metal transition is observed in this size range

and the coordination dependence of d−electron localization is discussed. However, here

all the calculations are done under the collinear atomic moment assumption. In this

chapter we have discussed Mnn clusters with the assumption that all the atomic moments

align collinearly i.e parallel or anti-parallel to each other. However, spin canting or non-

collinearity of the atomic moments often occur in low symmetry systems such as surfaces

and clusters.

In the chapter 5 we relaxed our collinear moment assumption and studied how it affects

the electronic and magnetic properties of pure Mnn clusters. No considerable structural

change has been found due to noncollinear treatment of atomic moments. The ground

state of both pure Mnn clusters for n ≤5 is collinear and emergence of noncollinear ground

states is seen for n ≥6. However, there exists many collinear and noncollinear isomers.

Although the results presented here are specific to the Mnn clusters, they also contain more

general picture: noncollinear magnetic ordering is possible in small magnetic clusters.

In the chapter 6 we have discussed properties of As@Mnn clusters from fully non-

collinear treatment. We have discussed how structure, bonding and magnetic properties

are perturbed due to single As-doping. We did not See any substantial structural change

due to As-doping, rather they can be viewed as As-capped Mnn structures. However, the

binding energy is enhanced substantially due to As-doping and we have concluded that

As-atom may act as a nucleation center for Mn-atoms. Similar to the pure Mnn clusters

small clusters show collinear magnetic ordering, whereas noncollinear magnetic structures

start to be the ground state for n ≥ 6 for As@Mnn clusters. Calculated Mn-Mn exchange

coupling in these As@Mnn clusters show anomalous behaviour, which is found to be quite

different from the RKKY-type predictions. All these results were discussed in the context

of Mn-clustering in (Ga,Mn)As and (In,Mn)As spintronic materials.

In the chapter 7 we have investigated structure, bonding and magnetism in Con clus-

ters in the size range n =2-20, from the first-principle calculation. In the intermediate
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size range clusters adopt hcp structural packing. Calculated magnetic moments show

same trend as it has been observed in the SG experiments, though they are always un-

derestimated compared to experimental value. It has also been seen that the average

coordination number dominates over the average bond length to determine the cluster

magnetic moment.

8.1 Outlook

The continuing development of material science and nanostructure technologies make ev-

ident the need for detailed theoretical understanding of these systems. Several theoretical

approximations have been developed to study their basic properties. Most of these meth-

ods provide excellent information on the ground state, although the ab initio methods

demand typically a substantial computational effort. These methods are then limited to

study systems with a somewhat small number of atoms, and only a few calculations of

excited properties have been performed. Interesting information has been obtained on

dynamical changes in the structure at finite temperatures and the bonding characteristic

for larger clusters. Developments in the transferable tight binding method will allow to

study larger clusters of metals and semiconductors. In the next few years we hope to see

important developments in these directions.

From the point of view of technological applications, clusters of transition metals are

very important. Recent development in pseudopotential and their implementation in the

ab initio method is a interesting problem. But for more work on larger clusters and other

systems will be useful with the availability of better computational facility and algorithms

which scale linearly with the system size. Due to improved technology, nowadays, it is

possible to measure the magnetic moment of free standing clusters as small as 5-atoms

in it. This is done through the SG molecular beam experiment. We hope to see SG

experiments for even lower size range in the coming years.

From the magnetic point of view of the clusters, it would be interesting to study chem-

ical effect on cluster magnetism and how magnetic properties behave for heterogeneous

clusters. However, both the experimental and theoretical investigations are limited on the

issues. We hope to see an increased attention to these area of research.
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[149] J. Kübler, K.H. Höck, J. Sticht, and A.R. Williams, J. Phys. F: Met. Phys. 18, 469

(1988).

[150] S. T. Bramwell and M. J. P. Gingras, Science 294, 1495 (2001).

[151] M. Kabir, D. G. Kanhere and A. Mookerjee, Phys. Rev. B 73, 75210 (2006).

[152] M. van Schilfgaarde and O. N. Mryasov, Phys. Rev. B 63, 233205 (2001).

[153] J. M. Sullivan, G. I. Boishin, L. J. Whitman, A. T. Hanbicki, B. T. Jonker, and S.

C. Erwin, Phys. Rev. B 68, 235324 (2003).

[154] M. Zajac, J. Gosk, E. Grzanka, M. Kamińska, A. Twardowski, B. Strojek, T.
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