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ABSTRACT 

The clusters of transition metal atoms often show high spin moments but generally are 

reactive with the environment. Passivation of the surface atoms can lead to more stable clusters. 

We have explored one such avenue for passivation in this work. We picked the As@Ni12@As20 

cluster which in the neutral state has a magnetic moment of 3 μB.  We doped this cluster with 

various numbers of Mn atoms by substituting Ni atoms. The substitutional doping leads to spin 

moments located on the Mn atoms.  The doping leads to symmetry breaking and as a consequence 

the number of structural isomers and spin ordered states for each isomer becomes very large.  We 

have investigated all possible ferromagnetic Mn doped clusters for a given number of dopants. 

Subsequently all the possible anti-ferromagnetic states for the lowest energy structure were 

examined.  The results show that the encapsulation within the As20 cage stabilizes the clusters and 

the atomization energy of the clusters increases as the number of dopant increases. These clusters 

have small energy barrier for reversal of magnetization and also have rich configuration space with 

many low-lying spin states.  
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CHAPTER 1: INTRODUCTION 

1.1: MAGNETISM AND MOLECULAR MAGNET  

Magnetic materials play critical roles in our daily lives. Magnetism was first discovered by ancient 

Greeks and used by the Chinese to create a “south pointing” compass (Mattis, 1981).  Since the invention 

of the compass, the number of devices that use magnetic components has skyrocketed. A small number of 

applications of magnetic materials include frictionless bearings, medical devices, magnetic separators, 

loudspeakers, microphones, switches, sensors, data storage devices, motors, and generators (Miller and 

Epstein, 1994). The extensive commercial viability of magnetic materials has driven research in this area. 

Traditional magnetic materials are two- and three-dimensional arrays of inorganic atoms, 

composed of transition metal or lanthanide metal containing spin units. These materials are typically 

produced at very high temperatures using metallurgical methodologies. In contrast to traditional magnetic 

materials, molecular magnets are organic or inorganic/organic hybrid materials, comprised of either metal 

containing spin units or organic radical containing spin units. It has been postulated that these materials 

will allow for the low temperature synthesis of magnetic materials and also with better optical properties. 

The combination of magnetic properties with mechanical, electrical, and/or optical properties gives better 

control over a material’s magnetic characteristics, and materials that can be easily processed (Miller and 

Epstein, 1994).  

The transition metals are the elements of periodic table which have a d orbital partially occupied 

by electrons. There are five d orbitals (characterized by the quantum number l =2), which makes it possible 

to obtain spins of S=0 to S=5/2: the manganese (II) ion, or Mn (II), and the ferric ion, or Fe (III) have a 

S=5/2 spin (Figure 1.1).  

Other elements, like lanthanides, have seven f orbitals  (l  =3)  which can be  partially filled,  giving 

a  possible  spin of  S=7/2 for  the gadolinium(III) ion, or Gd (III). If an isolated transition metal ion has 
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orbitals with the same energy, it is said that they are degenerate. 

 

Figure 1.1: The d orbitals of transition elements are at the origin of the magnetic, conducting and optical 

properties of those elements. 

1.2: DIAMAGNETISM AND PARAMAGNETISM  

           On the atomic level there exist two fundamental types of magnetism: diamagnetism and 

paramagnetism. All of the more complex magnetic behaviors which are observed evolve from these basic 

magnetic phenomena. 

Diamagnetic behavior is characterized by repulsion of a substance out of an applied magnetic field. 

This behavior arises from the interaction of the applied magnetic field with molecular or atomic orbitals 

containing paired electrons. With the exception of the hydrogen radical, all atomic or molecular materials 

exhibit some diamagnetic behavior. This magnetic behavior is temperature independent, and the strength 

of the interaction is roughly proportional to the molecular weight of the material.  

Paramagnetism is characterized by the attraction of a substance into an applied magnetic field. 

This behavior arises as a result of an interaction between the applied magnetic field and unpaired electrons 

in atomic or molecular orbitals. 

Classically, the term magnetism refers to substances that at the atomic level exhibit temperature 

dependent paramagnetic behavior and will thus be used in this context. The non-zero spin angular moment 
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associated with an unpaired electron gives rise to a magnetic moment. Upon pairing, electrons within an 

orbital exhibit opposing magnetic moments resulting in no net magnetic moment. In general, bulk 

magnetic properties arise as a result of long-range interactions between unpaired electrons. 

Bulk magnetic behavior arises from interactions between paramagnetic atoms or molecules.  These 

interactions can create materials that are either magnetic or nonmagnetic, depending on how adjacent 

magnetic spins align with each other. Over 14 different possible magnetic interactions have been described 

in the literature (Hurd, 1982). Several of the important types of magnetic interactions are presented below.  

1.3: PARAMAGNETISM, ANTIFERROMAGNETISM, FERROMAGNETISM, 

AND FERRIMAGNETISM 

Generally, the bulk magnetic behavior of a material can be described by one of the four major 

classes of magnetism.  The major classes of magnetism are paramagnetism, ferromagnetism, 

antiferromagnetism, and ferrimangetism.  These classes of magnetic behavior describe how adjacent 

magnetic moments would interact with each other at absolute zero. The interactions are shown in Figure 

1.2 and described below 

 

 

 

 

 

Figure 1.2: The alignment of magnetic moments at absolute zero for the four principle classes of 

magnetism. 

No alignment of adjacent magnetic moments is observed for paramagnets.  Ferromagnets exhibit 

parallel alignment of adjacent magnetic moments. Antiferromagnets exhibit antiparallel of adjacent 
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magnetic moments. Ferrimagnets are composed of two magnetic spins of different strength and exhibit 

antiparallel alignment. 

1.3.1: Paramagnetism 

In a paramagnetic material each individual electron spin is unaffected by its neighbors.  The spins 

of a paramagnetic material can easily be aligned by an applied magnetic field.  However the alignment is 

weak, and upon removal of the magnetic field the system relaxes back to a random distribution of magnetic 

moments. True paramagnetic materials are extremely rare, since most materials exhibit one of the other 

three principle classes of magnetism at very low temperatures. 

1.3.2: Ferromagnetism 

Ferromagnetism is characterized by parallel alignment of adjacent magnetic spins that results in a 

large net magnetic moment. Ferromagnetic alignment of adjacent magnetic spins is rare since it can only 

be achieved if there is zero quantum mechanical overlap between the spin-containing orbitals. In this case 

alignment of the spins, which correlates their motions and minimizes electron-electron repulsions, is the 

most stable state. Unlike paramagnets, ferromagnets exhibit a net magnetic moment in the absence of an 

applied magnetic field. 

1.3.3: Antiferromagnetism 

In an antiferromagnet, magnetic spins are aligned antiparallel, which results in a material with no 

net magnetic moment.  At absolute zero, antiferromagnets exhibit a diamagnetic response to an applied 

magnetic field.  The alignment of spins antiferromagnetically is analogous to the process of bonding and 

is thus favorable. Antiferromagnetism is the most commonly observed bulk magnetic behavior, and long-

range antiferromagnetism is even exhibited by materials that order locally ferromagnetically. 
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1.3.4: Ferrimagnetism 

Ferrimagnetism is a special case of antiferromagnetism, where the material consists of a lattice of 

rigidly alternating spins of different magnitudes. As in antiferromagnetism, the adjacent magnetic spins 

align antiparallel and however, since the adjacent spins are of different magnitudes, the resulting material 

exhibits a net magnetic moment in the absence of an applied magnetic field. 

Although the four major class of magnetism account for the majority of observed magnetic 

behaviors, many other classes of magnetism exist. Many of these classes are subtle variations of the 

previously described major classes of magnetism. For example, a three dimensional metamagnet is a two 

dimensional ferromagnet that orders antiferromagnetically in the third dimension upon application of low 

magnetic fields and ferromagnetically upon application of high magnetic field. [1, 2] 

1.4: MAGNETIC ANISOTROPY ENERGY: 

The concept of magnetic anisotropy energy was first explained by Van Vleck. It is a very important 

energy scale which is useful for designing molecular scale magnetic memory devices [3]. In the case of 

hysteresis loop, we know that if we apply sufficient magnetic field to produce complete saturation inside 

the magnetic materials and then start reducing the field back to zero, we will find that at zero applied field 

some residual magnetization = “remnant induction” will remain and it will take a significant field 

“coercive field” to completely demagnetize the material. 

The reason behind the remnant induction or coercive field is the Magnetic Anisotropy Energy. 

Materials with high magnetic anisotropy usually have high coercivity that is they are hard to demagnetize. 

These are called hard magnetic materials and are used to make permanent magnet. 

Materials with low magnetic anisotropy usually have low coercivity that is they are easy to 

demagnetize. These are called soft magnetic materials and are used   for making transformers and 

inductors. 
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Magnetic materials are said to have magneto crystalline anisotropy if it takes more energy to 

magnetize in any specific direction then the others. So there is a dependence of the magnetic properties 

on the direction of the applied field with respect to the crystal lattice. It turns out that depending on the 

orientation of the field with respect to the crystal lattice one would need a lower or higher magnetic field 

to reach the saturation magnetization. So based on this we can define two type of axis which are called 

easy axis and hard axis.  

Easy axis is the direction inside a crystal, along which small applied magnetic field is sufficient to 

reach the saturation magnetization.  

Hard axis is the direction inside a crystal, along which large applied magnetic field is needed to 

reach the saturation magnetization. 

Finally we can define magneto-crystalline anisotropy energy is the energy necessary to deflect the 

magnetic moment in a single crystal from the easy to the hard direction. These easy axis and hard axis 

arise from the interaction of the spin magnetic moment with the crystal lattice (Spin-orbit coupling) [4]. 

For a material with a single easy axis perpendicular to the hard axes (e.g. Co) the energy associated with 

the magnetic anisotropy can be shown in the figure bellow. 

 

 

Figure 1.3: Magnetic anisotropy energy with respect to magnetization angle. 
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Here we can see that if the magnetization is along the easy axis, the energy is minimized and if the 

magnetization is in the hard axis the energy is much higher. So the difference between the energy 

associated with easy and hard axis is called magnetic anisotropy energy. 

The main purpose of this thesis work is to determine the magnetic anisotropy energy and magnetic 

moment of different magnetic molecules. We also investigate the most favorable ones in energy by 

comparing the ferromagnetic and anti-ferromagnetic cases. 
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CHAPTER 2: THEORY 

2.1: DENSITY FUNCTIONAL THEORY 

The density functional theory (DFT) is presently the most successful and also the most promising 

approach to compute the electronic structure of matter. Its applicability ranges from atoms, molecules and 

solids to nuclei and quantum and classical fluids. In its original formulation, the density functional theory 

provides the ground state properties of a system, and the ground state electron density plays a key role [5]. 

DFT says that if we know the ground state density of electrons we can know everything, no wave 

function are needed. The electron density is defined as, 

                 𝜌 (𝒓𝟏) = ∫   𝜓∗ (𝒓𝟏, 𝒓𝟐, … … 𝒓𝑵), 𝜓 (𝒓𝟏, 𝒓𝟐, … … 𝒓𝑵)𝑑𝑟2 𝑑𝑟3 … … … 𝑑𝑟𝑁 , 

 where 𝜓 is the many electron wave function. 

The conventional approach uses the wave function 𝜓 as the central quantity since 𝜓 contains the 

full information of the system.  However, 𝜓 is very complicated quantity that cannot be probed 

experimentally.  It depends on 4N variables (3 spatial and 1 spin), N being the number of electrons. 

2.1.1: The First Hohenberg-Kohn Theorem 

The first Hohenberg-Kohn theorem demonstrates that the ground state electron density uniquely 

determines the Hamiltonian operator and thus all the properties of the system. Thus 𝜌 (𝒓) determines the 

total number of electrons N, and electron-nuclear interaction 𝑉(𝒓) and all the properties of the ground 

state. For example, the kinetic energy T[𝜌], potential energy V[𝜌], and the total energy E[𝜌]. Now we can 

write the total energy as, 

                                          𝐸[𝜌] = 𝑉[𝜌] + T[𝜌] + 𝐸𝑒𝑒 [𝜌], 

where 𝑉[𝜌] is the electron-nuclear potential, T[𝜌] is the kinetic energy, and 𝐸𝑒𝑒[𝜌] is the electron-electron 

interaction. 
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2.1.2: The Functional Relation Between 𝝆 and H 

The classical expression for 𝑉[𝜌] can be written as, 

                                                   ∫ 𝜌 (𝒓) 𝑉(𝒓)𝑑3𝑟 = 𝑉[𝜌], 

which gives the average value of the electron nuclear interaction potential. 

  The kinetic energy and the electron-electron interaction can be expressed in terms of 𝜌.The 

classical Coulomb electron-electron interaction energy can be written as, 

                                           
𝑒 2

2
∫ 𝜌 (𝒓′) 𝜌 (𝒓)

1

|𝒓−𝒓′|
𝑑𝑟′𝑑𝑟, 

to obtain an expression of kinetic in terms of  𝜌. At the simplest level one can use a uniform electron gas 

model. The kinetic energy for electrons in a box, 

                                                         𝐸 = (
ℎ2

8𝑚𝐿2)(𝑛𝑥
2 + 𝑛𝑦

2 + 𝑛𝑧
2), 

within a 1/8 sphere in nx, ny, nz space of radius R. We can express this volume as, 

                                                        𝜑(𝐸) =
1

8

4𝜋

3
𝑅3 =

𝜋

6
(

8𝑚𝐿2𝐸

ℎ2 )

3

2
, 

which is also the number of quantum states. The number of states in the range E and E+dE  are , 

𝑔(𝐸) =
𝑑 𝜑(𝐸)

𝑑𝐸
=

𝜋

4
(

8𝑚𝐿2

ℎ2 )

3

2
𝐸1/2  

The energy of the state with two electrons in each of the lowest orbitals up to the Fermi energy 𝐸𝐹  is, 

                                                            𝐸0 = 2 ∫ 𝑔(𝐸) 𝐸𝑑𝐸  

=
8𝜋

5
(
2𝑚

ℎ2
)3/2𝐿3𝐸𝐹

5/2
 

And the number of electron N is, 
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                                                        𝑁 = 2 ∫ 𝑔(𝐸) 𝑑𝐸 

                                                             =
8𝜋

3
(

2𝑚

ℎ2 )3/2𝐿3𝐸𝐹
3/2

 

Solving for 𝐸𝐹  in terms of N, one can express 𝐸0 in terms of N and can be expressed as, 

𝐸0 = (
3ℎ2

10𝑚
) (

3

8𝜋
)

2
3

𝐿3(
𝑁

𝐿3
)5/3 

But we know that, 

𝜌 =
𝑁

𝐿3
 

Thus the kinetic energy be computed within the local density approximation (LDA) by using this form, 

𝑇𝑇𝐹 = (
3ℎ2

10𝑚
) (

3

8𝜋
)

2
3

𝐿3 ∫[𝜌(𝒓)]5/3 𝑑3𝑟 

                                                            = 𝐶𝐹 ∫[𝜌(𝒓)]5/3 𝑑3𝑟, 

where ( 𝐶𝐹 = 2.8712 𝑎𝑡𝑜𝑚𝑖𝑐 𝑢𝑛𝑖𝑡𝑠) and the total energy could be expressed in terms of 𝜌 as, 

                        𝐸0,𝑇𝐹[𝜌] = 𝐶𝐹 ∫[𝜌(𝒓)]
5

3 𝑑3𝑟 + ∫ 𝜌 (𝒓) 𝑉(𝒓)𝑑3𝑟 +
𝑒 2

2
∫ 𝜌 (𝒓′) 𝜌 (𝒓)

1

|𝒓−𝒓′|
𝑑3𝑟′𝑑3𝑟, 

This is so called Thomas-Fermi model and it is the most elementary LDA within the DFT. But the 

expression lacks exchange energy, that is, contributions to the energy due to spin interactions. The 

Thomas-Fermi model is too elementary to correctly describe the complex interactions in the many electron 

systems. . 

Dirac augmented Thomas-Fermi functionals with a simple exchange functional, 

                                                     𝐸𝑒𝑥,𝐷𝑖𝑟𝑎𝑐[𝜌] = −𝐶𝑥 ∫[𝜌(𝒓)]4/3 𝑑3𝑟, 
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where  𝐶𝑥 = 0.7386 𝑎𝑢. 

To account for the fact that 𝜌(𝒓) varies strongly in some regions. So, Becke introduced a 

gradient-correction to Dirac exchange, 

 𝐸𝑒𝑥(𝐵𝑒𝑐𝑘88) = 𝐸𝑒𝑥,𝐷𝑖𝑟𝑎𝑐[𝜌] − 𝛾 ∫ 𝑋2 [𝜌(𝒓)]
4

3(1 + 6𝛾𝑋 𝑠𝑖𝑛ℎ−1(𝑋))
−1

𝑑𝑟, 

where X=𝜌−4/3𝛁|𝜌| and 𝛾 = 0.0042. 

This exchange functional can be augmented to the Thomas-Fermi functional. Weizsacker 

improved the accuracy of the Thomas-Fermi kinetic energy functional by including a gradient correction 

to the kinetic energy, 

𝛿𝑇𝑤𝑒𝑖𝑧𝑠𝑎𝑐𝑘𝑒𝑟 = (
1

72
) (

ℏ

𝑚
) ∫

|𝛁𝜌(𝒓)|2

𝜌(𝒓)
𝑑𝒓 

 Further improvement can be obtained by including the correlation energy. By analyzing the 

uniform electron gas, the correlation energy could be solved analytically in the low 𝜌 and high 𝜌 limits. 

By interpolating between these limits various approximation for the local correlation functional have 

been suggested. Such as, 

𝐸𝑐[𝜌] = ∫ 𝜌(𝒓) 𝜖𝑐[𝜌]𝑑𝑟, 

                 𝜖𝑐(𝜌) =
𝐴

2
{ln (

𝑥

𝑋
) +

2𝑏

𝑄
𝑡𝑎𝑛−1 (

𝑄

(2𝑥+𝑏)
) −

𝑏𝑥0

𝑋0
[ln (

(𝑥−𝑥0)2

𝑋
) +

2(𝑏+2𝑥0)

𝑄
𝑡𝑎𝑛−1 (

𝑄

(2𝑥+𝑏)
)]}, 

where 𝑥 = 𝑟𝑠
1/2

, 𝑋 = 𝑥2 + 𝑏𝑥 + 𝑐, 𝑋0 = 𝑥0
2 + 𝑏𝑥0 + 𝑐 and 𝑄 = (4𝑐 − 𝑏2)1/2, 

A=0.0621814, 𝑥0=-0.409286, b=13.0720 and c=42.7198. 

 The parameter 𝑟𝑠 is how 𝜌 enters since 
4

3
𝜋𝑟𝑠

3 is equal to 1/ 𝜌. The numerical values of the 

parameters are determined by fitting to the data base of the atomic energies. 
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So one can write the total energy (kinetic, nuclear interaction, Coulomb, exchange, correlation) 

in terms of 𝜌(𝒓), 

                   𝐸0,𝑇𝐹[𝜌] = 𝐶𝐹 ∫[𝜌(𝒓)]
5

3 𝑑3𝑟 + ∫ 𝜌 (𝒓) 𝑉(𝒓)𝑑3𝑟 +
𝑒 2

2
∫ 𝜌 (𝒓′) 𝜌 (𝑟)

1

|𝒓−𝒓′|
𝑑3𝑟′𝑑3𝑟, 

                   𝐸𝑒𝑥(𝐵𝑒𝑐𝑘88) = 𝐸𝑒𝑥,𝐷𝑖𝑟𝑎𝑐[𝜌] − 𝛾 ∫ 𝑋2 [𝜌(𝒓)]
4

3(1 + 6𝛾𝑋 𝑠𝑖𝑛ℎ−1(𝑋))
−1

𝑑𝑟, 

                     𝛿𝑇𝑤𝑒𝑖𝑧𝑠𝑎𝑐𝑘𝑒𝑟 = (
1

72
) (

ℏ

𝑚
) ∫

|𝛁𝜌(𝒓)|2

𝜌(𝒓)
𝑑𝑟, 

                     𝐸𝑐[𝜌] = ∫ 𝜌(𝒓) 𝜖𝑐[𝜌]𝑑𝑟, 

                   𝜖𝑐(𝜌) =
𝐴

2
{ln (

𝑥

𝑋
) +

2𝑏

𝑄
𝑡𝑎𝑛−1 (

𝑄

(2𝑥+𝑏)
) −

𝑏𝑥0

𝑋0
[ln (

(𝑥−𝑥0)2

𝑋
) +

2(𝑏+2𝑥0)

𝑄
𝑡𝑎𝑛−1 (

𝑄

(2𝑥+𝑏)
)]}. 

 Although this was an important first step, the Thomas–Fermi equation's accuracy is limited 

because the resulting expression for the kinetic energy is only approximate. However, the Thomas–Fermi–

Dirac theory remained rather inaccurate for most applications. The largest source of error was in the 

representation of the kinetic energy. In 1962, Edward Teller showed that Thomas–Fermi theory cannot 

describe molecular bonding – the energy of any molecule calculated with TF theory is higher than the sum 

of the energies of the constituent atoms. More generally, the total energy of a molecule decreases when 

the bond lengths are uniformly increased. This can be overcome by improving the expression for the 

kinetic energy [6] 

2.1.3: Kohn-Sham Equation 

To obtain the kinetic energy exactly, Kohn and Sham introduced an orbital like equation, 

                               [ −
ℏ2

2𝑚
𝜵2 − ∑ 𝑍𝐴𝐴

𝑒2

|𝒓−𝑹𝑨|
+ 𝑒2 ∫ 𝜌 (𝒓′)

1

|𝒓−𝒓′|
𝑑𝑟′ + 𝑈𝑥𝑐(𝒓)] 𝜑𝑖 = 𝜖𝑖𝜑𝑖 , 

𝜑𝑖 is the Kohn-Sham orbital which is the solution of the above equation. First term of the equation 

is the kinetic energy of the electron, 2nd term is the nucleus-electron interaction, 3rd term is the Coulomb 

https://en.wikipedia.org/wiki/Edward_Teller
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potential and the last term is the exchange- correlation potential. The exchange-correlation potential is 

obtained by taking a functional derivative of the earlier expression for the exchange-correlation energy. 

𝑈𝑥𝑐(𝒓) =
𝛿𝐸𝑥𝑐[𝜌]

𝛿𝜌(𝒓)
 

Practical implementation of the Kohn-Sham procedure is as follows: 

1. Atomic basis functions of the nuclides are chosen. 

2. Molecular orbital is  expressed as a linear combination of the basis functions times the co-

efficient, 

𝜑𝑗 = ∑ 𝐶𝑗𝑎

𝑎

𝜒𝑎 , 

where 𝜒𝑎 are the basis functions and 𝐶𝑗𝑎 are the co-efficients. 

3. The  electron density  is obtained  by summing   the orbital densities of  all  occupied 

orbitals. 

                                                       𝜌 = ∑ 𝑛𝑗𝑗=𝑜𝑐𝑐 |𝜑𝑖(𝒓)|2.  

4. This density is used to determine the Kohn-Sham potential 

𝑉𝑒𝑓𝑓(𝒓) = − ∑ 𝑍𝐴

𝐴

𝑒2

|𝒓 − 𝑹𝑨|
+ 𝑒2 ∫ 𝜌 (𝒓′)

1

|𝒓 − 𝒓′|
𝑑𝑟′ + 𝑈𝑥𝑐(𝒓) 

5. Using the effective potential determined in the previous step, the Kohn-Sham equations are 

solved again  

              [ −
ℏ2

2𝑚
𝜵2 − ∑ 𝑍𝐴𝐴

𝑒2

|𝒓−𝑹𝑨|
+ 𝑒2 ∫ 𝜌 (𝒓′)

1

|𝒓−𝒓′|
𝑑𝑟′ + 𝑈𝑥𝑐(𝒓)] 𝜑𝑖 = 𝜖𝑖𝜑𝑖 , 

to find the new eigenfunctions {𝜑𝑖} and new eigenvalues {𝜖𝑖}. 

6. This new {𝜑𝑖} are used to find new density, which is used to find the new set of Kohn-Sham 

equation. This process is continued until the convergence is reached. 
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The total energy at every step during the cycle is obtained using the following (Kohn-Sham) 

energy expression.   

  𝐸[𝜌] = ∑ 𝑛𝑗𝑗=𝑜𝑐𝑐 < 𝜑𝑖 |−
ℏ2

2𝑚
𝜵2| 𝜑𝑖 > + ∫ 𝜌 (𝒓) 𝑉(𝒓)𝑑3𝑟 +

𝑒 2

2
∫ 𝜌 (𝒓′) 𝜌 (𝒓)

1

|𝒓−𝒓′|
𝑑3𝑟′𝑑3𝑟 + 𝐸𝑥𝑐[𝜌], 

The Kohn-Sham formalism is, in principle, exact but the exchange correlation functional Exc is 

unknown.  The practical applications require approximations to the Exc. Several approximate forms exists. 

The development of accurate density functionals is very active area of research. In our present study, we 

approximate Exc at the level of generalized gradient approximation (GGA) using the Perdew-Burke-

Ernzerhof (PBE) parameterization. [7] 

2.2: ORIGIN OF MAGNETIC ANISOTROPY ENERGY: 

The main cause of magnetic anisotropy energy is the spin-orbit coupling. In quantum physics, 

the spin–orbit interaction (also called spin–orbit effect or spin–orbit coupling) is an interaction of a 

particle's spin with its motion. The first and best known example of this is that spin–orbit interaction 

causes shifts in an electron's atomic energy levels due to electromagnetic interaction between the electron's 

spin and the magnetic field generated by the electron's orbit around the nucleus [8]. This interaction is 

weaker than the Coulomb interaction and is responsible for the fine-structure of atomic lines. 

The electron has a spin s, as well as orbital angular momentum l. For each angular momentum, 

there is an associated magnetic moment. These are spin magnetic moment 𝜇𝑠 and the magnetic moment 

associated with the orbital motion is 𝜇𝑙 . Spin-orbit coupling is the interaction between 𝜇𝑠 and 𝜇𝑙 . 

The magnetic moment 𝜇𝑙 is defined as, 

𝜇𝑙 = 𝐼𝐴, 

where ‘I’ is the current created by the orbital motion of electron and ‘A’ is the area of the orbit. 

http://en.wikipedia.org/wiki/Quantum_physics
http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Energy_level
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𝝁𝒍 is a vector perpendicular to plane of the orbit and it is linked to the orbital angular momentum. We 

know that time period of the orbital motion of electrons is  

𝑇 =
2𝜋

𝜔
. 

And the current ‘I’ can be expressed as, 

𝐼 = −
𝑒

𝑇
= −

𝑒𝜔

2𝜋
 

Now the magnetic moment 𝜇𝑙 will be, 

𝜇𝑙 = −
𝑒𝜔

2𝜋
𝜋𝑟2 = −

1

2
𝑒𝜔𝑟2 

The orbital angular momentum can be defined as, 

|𝑙|̅ = |𝑟̅ × 𝑝̅| = 𝑚𝑣𝑟 = 𝑚𝜔𝑟2 

                                

Figure 2.1: Orbital motion of electron. 

 

Finally the 𝜇𝑙̅ is written as, 

𝜇𝑙̅ = −
𝑒

2𝑚
𝑙 ̅
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Figure 2.2: Physical picture of spin-orbit interaction. 

In the above figure, from the electron point of view the proton is moving around the electron and 

produces a magnetic field 𝑩𝒍 at the side of the electron. So the spin magnetic moment 𝝁𝒔 interact with the 

magnetic field 𝑩𝒍created by the orbital motion. This interaction energy can be expressed as  

𝑉𝑙,𝑠 = − 𝝁𝒔. 𝑩𝒍 

Note that this is not the only magnetic interaction that is taking place in an atom. The nucleus also 

has a spin, hence a magnetic moment. The nuclear magnetic moment interacts with the magnetic field 

produced by the orbiting electron. This interaction is much weaker than the spin-orbit interaction 

considered here. [9]. 

So the spin 𝝁𝒔 has two possible orientation with respect to the field ‘parallel’, with lower energy 

and anti-parallel with higher energy. In the case of molecular system, the lower energy and larger energy 

are associated with the easy axis and hard axis. For such systems the anisotropy barrier is related to the 



 17 

shift of the total energy because of the spin orbit coupling and the magnetic anisotropy energy is 

originated. 

2.3: CALCULATION OF MAGNETIC ANISOTROPY ENERGY 

In this section we provide Pederson and Khanna formalism to compute the magnetic anisotropy 

energy. This approach is implemented in the NRLMOL code used here for calculations. 

Magnetic anisotropy energy originates primarily due to spin-orbit coupling and is typically on the 

order of microhartee. In the classical explanation of spin-orbit coupling an electron moving with velocity 

v and accounting for the fact that electron is not spinless, the interaction energy is given by, 

                                    𝑈(𝒓, 𝒑, 𝑺) = −
1

2𝑐2  𝑺. 𝑷 × 𝛁𝜑(𝒓),                                                           (1) 

where 𝜑(𝒓) is the Coulomb potential, 𝑷 is the momentum operator. 

The determination of spin-orbit coupling matrix element is a necessary ingredient to the numerical 

solution of the Schrodinger equation. To determine the generalized spin-orbit interaction from Eq. (1) it 

is necessary to calculate matrix element of the form, 

𝑈𝑗,𝜎,𝑘,𝜎′ = 〈𝑓𝑗𝜒𝜎|𝑈(𝒓, 𝒑, 𝑺)|𝑓𝑘𝜒𝜎′〉 

                                                                      = ∑
−1

𝑖2𝑐2𝑥 〈𝑓𝑗|[𝛁 × 𝛁𝜑(𝒓)]𝑥|𝑓𝑘〉〈𝜒𝜎|𝑆𝑥|𝜒𝜎′ 〉 

                                                            = ∑
1

𝑖
〈𝑓𝑗|𝑉𝑥|𝑓𝑘〉 〈𝜒𝜎|𝑆𝑥|𝜒𝜎′〉𝑥 ,                  

with the operator 𝑉𝑥  defined according to                                                            

                                                        〈𝑓𝑗|𝑉𝑥|𝑓𝑘〉 =
−1

2𝑐2
〈 𝑓𝑗|  

𝑑

𝑑𝑦

𝑑𝜑

𝑑𝑧
−

𝑑

𝑑𝑧

𝑑𝜑

𝑑𝑦
 |𝑓𝑘  〉 .                                          (2) 

We know that,                                      
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〈 𝑓𝑖|  
𝑑𝜑

𝑑𝑦

𝑑

𝑑𝑧
|𝑓𝑗  〉 = ∫ 𝑑3𝑟

𝑑

𝑑𝑦
[𝑓𝑖 𝜑

𝑑𝑓𝑗

𝑑𝑧
] − 〈

𝑑𝑓𝑖

𝑑𝑦
 | 𝜑 |

𝑑𝑓𝑗

𝑑𝑧
〉 − 〈𝑓𝑖| 𝜑 |

𝑑2𝑓𝑗

𝑑𝑧𝑑𝑦
〉 , 

using the above identity in Eq. 3 we get                                       

                                       〈𝑓𝑗|𝑉𝑥|𝑓𝑘〉 =
1

2𝑐2 (〈
𝑑𝑓𝑗

𝑑𝑧
| 𝜑 |

𝑑𝑓𝑘

𝑑𝑦
〉 − 〈

𝑑𝑓𝑗

𝑑𝑦
| 𝜑 |

𝑑𝑓𝑘

𝑑𝑧
〉)                                        (4) 

The matrix elements for   𝑉𝑦  and 𝑉𝑧 are determined by the cyclical permutation. 

Let us assume that, in the absence of a magnetic field and spin-orbit coupling, we have determined 

the wave functions 𝜓𝑖𝜎 within a self-consistent field (SCF) approximation. The SCF wave functions 

satisfy 

                                                𝐻 | 𝜓𝑖𝜎 > = 𝜖𝑖𝜎|𝜓𝑖𝜎 >, 

where |𝜓𝑖𝜎 >  is a product of a spatial function and spinor according to | 𝜓𝑖𝜎 > =  𝜑𝑖𝜎(𝒓)𝜒𝜎.  

 With the inclusion of spin-orbit coupling and the introduction of a magnetic of field the perturbed 

wave functions satisfy, 

                                                     [𝐻 + (
𝑽

𝑖
+

1

𝑐
𝑩) . 𝑺] |𝜓𝑖𝜎

′ > = 𝜖𝑖𝜎
′ |𝜓𝑖𝜎

′ >. 

Here, the operator  𝑽 is defined according to Eq.4 and the magnetic field (B) is assumed to be uniform. 

 Now let, 

                                                              𝑾 = (
𝑽

𝑖
+

1

𝑐
𝑩) 

According to the second order perturbation theory, the Hamiltonian matrix is perturbed by the 

following equations, 

                                                        ∆= ∆1 + ∆2 
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 In absence of applied magnetic field, the first order energy shift is,  

                                                ∆1= ∑ 𝑆𝑖
𝜎𝜎

𝑖𝜎 ∑ <  𝜑𝑘𝜎|𝑊𝑖 | 𝜑𝑘𝜎 >𝑘  

 The first order energy shift vanishes due to the operator −𝑖 𝑽. 𝑺 and the first order correction to 

the orbital is purely imaginary.  

 The second order energy shift is, 

                                                        ∆2= ∑ ∑ 𝑊𝑖𝑗
𝜎𝜎′

𝑖𝑗𝜎𝜎′ 𝑆𝑖
𝜎𝜎′

𝑆𝑗
𝜎′𝜎 ,        (5) 

where, 

                                                    𝑆𝑖
𝜎𝜎′

=< 𝜒𝜎|𝑆𝑖|𝜒𝜎
′ >, 

and  

𝑊𝑖𝑗
𝜎𝜎′

= 𝑊𝑗𝑖
𝜎𝜎′ ∗

= ∑
< 𝜑𝑘𝜎|𝑊𝑖|𝜑𝑙𝜎′ >< 𝜑𝑘𝜎′|𝑊𝑗|𝜑𝑙𝜎 >

𝜖𝑘𝜎 − 𝜖𝑙𝜎′
𝑖𝑗

 

In Eq.5 here the 1st sum is running over spin-up and spin-down states. The second sum is over all 

the co-ordinate levels (x,y,z). 

 The W matrices are simplified to, 

𝑊𝑖𝑗
𝜎𝜎′

= − ∑
< 𝜎𝑘𝜎|𝑉𝑖|𝜎𝑙𝜎′ >< 𝜎𝑙𝜎′|𝑉𝑗|𝜎𝑘𝜎 >

𝜖𝑘𝜎 − 𝜖𝑙𝜎′
𝑘𝑙

+
𝐵𝑖𝐵𝑗

𝑐2
∑

< 𝜎𝑘𝜎|𝜎𝑙𝜎′ >< 𝜎𝑙𝜎′|𝜎𝑘𝜎 >

𝜖𝑘𝜎 − 𝜖𝑙𝜎′
𝑘𝑙

 

 At zero magnetic field,  

𝑊𝑖𝑗
𝜎𝜎′

→ 𝑀𝑖𝑗
𝜎𝜎′

= − ∑
< 𝜎𝑘𝜎|𝑉𝑖|𝜎𝑙𝜎′ >< 𝜎𝑙𝜎′|𝑉𝑗|𝜎𝑘𝜎 >

𝜖𝑘𝜎 − 𝜖𝑙𝜎′
𝑘𝑙

. 
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In the above equations 𝜒𝜎 and 𝜒𝜎
′  are any set of spinors. 𝜑𝑘𝜎  and 𝜑𝑙𝜎′ are the occupied and 

unoccupied states respectively. 𝜖′𝑠 are the corresponding energies.  

So the second-order shift in the energy of the system in the absence of a magnetic field can be 

rewritten as, 

∆2= ∑ 𝛾𝑖𝑗

𝑖𝑗

〈𝑆𝑖〉〈𝑆𝑗〉. 

The anisotropy energy can be determined after diagonalization of the anisotropy tensor (𝛾). The 

value of 𝛾 can be calculated within the density functional framework using second- order perturbation 

theory and in terms of Kohn-Sham orbitals. It is given by, 

                             𝛾 = (
2

∆𝑁2) (𝑀𝑧𝑧
11 + 𝑀𝑧𝑧

22 + 𝑀𝑥𝑥
12 + 𝑀𝑥𝑥

21 − 𝑀𝑥𝑥
11 − 𝑀𝑥𝑥

22 − 𝑀𝑧𝑧
12 − 𝑀𝑧𝑧

21), 

Where,  ∆N is the number of unpaired electrons. Once the anisotropy tensor is diagonalized the second-

order energy shift can be rewritten as, 

∆2=
1

3
(𝛾𝑥𝑥 + 𝛾𝑦𝑦 + 𝛾𝑧𝑧)𝑆(𝑆 + 1) +

1

3
[𝛾𝑧𝑧 −

1

2
(𝛾𝑥𝑥 + 𝛾𝑦𝑦)] × [3𝑆𝑧

2 − 𝑆(𝑆 + 1)] +
1

2
(𝛾𝑥𝑥 − 𝛾𝑦𝑦)(𝑆𝑥

2

− 𝑆𝑦
2 

The anisotropy Hamiltonian splits 2S+1 spin states and can be expressed as 

𝐻 = 𝐷𝑆𝑧
2 + 𝐸(𝑆𝑥

2 − 𝑆𝑦
2). 

 The value of D and E in the above equation can be directly obtained from the 𝛾𝑥𝑥, 𝛾𝑦𝑦 , 𝛾𝑧𝑧 and 

therefore the magnetic anisotropy energy can be obtained. [3, 10, 11, 12]. 
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2.4: COMPUTATIONAL METHOD 

Our density functional-based calculation were performed with the all-electron Gaussian-orbital 

based Naval Research Laboratory Molecular Orbital Library (NRLMOL) program using the Perdew-

Burke-Ernzerhof (PBE) generalized -gradient approximation for the exchange and correlation functional. 

NRLMOL combines large Gaussian orbital basis sets, numerically precise variational integration and an 

analytic solution of Poisson's equation to accurately determine the self-consistent potentials, secular 

matrix, total energies and Hellmann-Feynman-Pulay forces. The exponents for the Single Gaussian has 

fully optimized. 

This computational method approach described earlier has been implemented in the NRLMOL 

and was previously used to calculate the magnetic anisotropy energy of 𝑀𝑛12, 𝑀𝑛10, Cr[N(Si(CH3)3)2]3 

clusters and also the ‘D’ and ‘E’ parameter . The predictions of the magnetic anisotropy energies by this 

approach provide very good agreement with the experimentally measured second-order anisotropy 

energies. [10, 13] 

Table 2.1: Comparison between the calculated density functional based second-order anisotropy energy 

with the experimental values 

                    Cluster 

 

Second-order Anisotropy Energy    

                          (K) 

Experimental Values (K) 

𝑀𝑛12                    55.7                   55.6 

𝑀𝑛10                      9.5                    7.7 

Cr[N(Si(CH3)3)2]3                     5.6                     6 
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Table 2.2: Comparison between the calculated and experimental magnetic anisotropy parameters for the 

single molecule magnets 

 

               Molecule 

  D (K)                      E (K) 

     S Theory Experimental Theory Experimental 

Mn12O12(O2CH)16(H2O)4 10 -0.56 -0.56 -- -- 

[Mn10O4(2,2’-

biphenoxide)4Br12]
4- 

13 -0.06 -0.05 -- -- 

Co4(CH2C5H4N)4(CH3OH)4Cl4 6 -0.64 -5.6 -- -- 

Fe4(OCH2)6(C4H9ON)6 5 -0.56 -0.57 0.06 0.05 

Cr[N(Si(CH3)3)2]3 3/2 -2.49 -2.66 -- -- 
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CHAPTER 3: RESULTS AND DISCUSSION 

Synthesis and characterization of the [As@Ni12@As20]
3- ion has been reported earlier.   It contains 

interpenetrating reciprocal platonic polyhedra that is an undistorted As20 pentagonal dodecahedron and an 

arsenic centered Ni12 icosahedron [14].  We have first optimized the geometry of the As@Ni12@As20 

cluster earlier, which we will henceforth call the parent cluster. The optimized geometry was verified with 

the experimental one by comparing various bond lengths in the cluster. We used the same basis set and 

exchange-correlation functional (PBE) in the present calculations also. The table below is reproduced 

from our earlier calculations, which shows the comparison of our calculated bond lengths with the 

experimental bond lengths. In addition other electronic structure properties (HOMO-LUMO gap, 

Magnetic Moment, Magnetic Anisotropy Energy) are given in the table 3.1 [15]. 

Table 3.1: Data for As@Ni12@As20 system 

Systems 

H-L gap 

(eV) 

M.M 

 𝝁𝑩 

M.A.E 

(K) 

As-

As 

Å 

As-As 

Å 

(Expt) 

Ni-Ni 

Å 

 

As-Ni 

 

Å 

As-Ni 

Å 

(Expt) Energy (Hartee) 

As@Ni12@As20 0.12 3 0.00 

 

 

2.80 

 

 

2.75 

 

 

2.67 

 

 

2.44 

 

 

2.40 

 

 

-65047.469248 

  The parent cluster in the neutral state has a magnetic moment of 3B. The icosahedral symmetry 

leads orbital degeneracy in the parent cluster. Both the HOMO and LUMO of the parent cluster belong to 

the minority spin with a small gap of 0.115 between them. In the parent cluster the HOMO and LUMO 

are of Hu and T1u symmetry, respectively.  The HOMO orbital is centered around the Ni ions whereas 

the LUMO orbital has contribution from the Ni p and the central As p states. This cluster is symmetric 

which results in a very small value of magnetic anisotropy.    

We have constructed the starting geometries of the Mn doped clusters from the optimized parent 

geometry. The doping is substitutional such that Mn atoms replace the Ni atoms. We doped the parent 

cluster by up to 10 Mn atoms. Depending on the number of dopant Mn atoms, the substitutional doping 

can result in a large number of isomers as there are multiple possible configurations of doping sites.  
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Furthermore, each configuration can have multiple spin states and spin ordering which leads to a larger 

number of conformers for each doped cluster.  The NRLMOL code optimizes the spin moment for a given 

spin ordering. To simplify the calculations, we have first considered all possible sites for substitutional 

doping for a given number of Mn dopants in the ferromagnetic state.  For example, for As@Mn2Ni10@As20 

there are 4 possible ferromagnetic isomers forming a family of As@As10Mn2@As20 cluster. We chose the 

lowest energy isomer from each family for further study on the ferrimagnetic spin state. For the lowest 

energy isomer, all possible anti ferromagnetic spin states were studied. Below we describe each family of 

the Mn doped clusters studied here. 

3.1: As@Ni11Mn@As20 

In the parent As@Ni12@As20 system, all Ni atoms as well as all the As atoms that form the outer 

dodecahedral cage are equivalent by symmetry. Since all Ni atoms are equivalent one only needs to replace 

one of the 12 Ni atoms by Mn atom. Thus, there is only one resultant structure. The optimized structure 

of As@Ni12@As20 is shown in Figure 3.1 below. 

                                           

Figure 3.1: Picture of As@Ni11Mn1@As20 

 As evident from the figure, the As20 cage in this case is distorted due to the expansion of the As-

As bond lengths near Mn. Compared to As20 cage in the parent As21Ni12 cluster, near the Mn atom the As-

As bond is elongated by 0.16 Å (2.96 vs. 2.80 Å) on average. 
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The net spin moment in this molecule is 6𝜇𝐵. Our calculation on the charge density inside a sphere 

placed on the Mn shows that the spin charge on the Mn ion is 3𝜇𝐵. The HOMO-LUMO gap is reduced to 

0.07eV compared to the parent As21Ni12.  The presence of Mn atoms as well as the distortion of the cage 

breaks the symmetry of the system, resulting in magnetic anisotropy energy of 10.40 K.  The small 

HOMO-LUMO gap indicates that the cluster is chemically active and will likely to change its spin state 

upon chemical interaction with the environment. 

3.2: As@Ni10Mn2@As20 

In the parent As@Ni12@As20 system, two Mn atoms were introduced by replacing two of the 12 

Ni atoms. There are three unique resultant possible structures of the As@Ni10Mn2@As20 system. The 

optimized structures of As@Ni10Mn2@As20 systems in the ferromagnetic state are given below. 

           

Figure 3.2: All possible combination of As@Ni10Mn2@As20 cluster according to their energy. 

In the Mn2 doped cages also we find that the As-As bonds near the Mn ion are elongated. The As-

As bond lengths vary from 2.65 Å to 3.35 Å in these clusters. On an average the   As-As bond length is 

increased by 0.09 Å for all the resultant structures.  

 The net spin moment, HOMO-LUMO gaps, average bond lengths of As-As, Ni-Ni, As-Ni, As-

Mn, Ni-Mn in the Mn2 doped isomers are given in the Table 3.2. In the table the most favorable (lowest 

energy) cluster is indicated by red color. The lowest energy isomer has a net magnetic moment of 9 B. 
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The net spin on each of the Mn ions is 3B and the average spin on the Ni ions is 0.25 B, which in the 

ferromagnetic state leads to a net moment of 9 B.  There are two low-lying isomers with a total energy 

difference of 0.08 eV and 0.25 eV. The presence of Mn atoms breaks the symmetry of the system, resulting 

in magnetic anisotropy energy compared to the parent cluster. The lowest energy cluster has MAE on the 

order of 20 K. The cluster also has a gap of 0.25 eV, which indicates that the cluster is chemically more 

stable compared to the single Mn doped system.  

Table 3.2: Data for all possible combination of As@Ni10Mn2@As20 cluster. 

Systems 

H-L 

gap 

(eV) 

M.M 

 𝝁𝑩 

M.A.E 

(K) 

As-

As 

Å 

Ni-

Ni 

Å 

As-

Ni 

Å 

As-

Mn 

Å 

Ni-

Mn 

Å 
Energy 

(Hartee) 

As21Ni10Mn2_0 0.25 9 20.4 

 

2.75 

 

2.67 

 

2.44 

 

2.55 

 

2.75 

 

-64332.76103 

As21Ni10Mn2_1 0.25 7 18.8 

 

2.71 

 

2.68 

 

2.44 

 

2.57 

 

2.79 

 

-64332.75191 

As21Ni10Mn2_2 0.31 7 14.8 

 

2.71 

 

2.69 

 

2.44 

 

2.55 

 

2.78 

 

-64332.75795 

3.2.1: Ferrimagnetic Investigation of As@Ni10Mn2@As20 

The most favorable ferromagnetic cluster (As21Ni10Mn2_0) from the above table is chosen for 

studying different spin ordering of the Mn atoms.   Since there are only two Mn atoms in this cluster, only 

one antiferromagnetic ordering is possible. The antiferromagnetic spin ordering results in a structure that 

is slightly higher in energy by 0.1 eV.  The magnetic moment of the AFM cluster is 1B. The anisotropy 

in magnetism vanishes in the AFM cluster.  The magnetic anisotropy energy (MAE), magnetic moment 

(M.M), HOMO-LUMO gap (H-L gap) and the deviation in energy (E-EFM) from the ferromagnetic 

(As21Ni10Mn2_0) cluster is given in Table 3.3. In the table below ‘0’ stands for spin down and ‘1’ stand 

for spin up.  

Table 3.3: Data for different spin orientation of As21Ni10Mn2_0 system 

Systems MAE (K) M.M ( 𝝁𝑩) H-L gap (eV) E-EFM (eV) 

S.01 0.00 1 0.23 0.09 



 27 

 

                                    

Figure 3.3: Spin ordering (S.01) of Mn atom in As@Ni10Mn2@As20 system 

3.3: As@Ni9Mn3@As20: 

In the As@Ni9Mn3@As20 system three Mn atoms are doped by replacing three of the 12 Ni atom 

of the parent As@Ni12@As20 system. There are 9 unique combinations of the As@Ni9Mn3@As20 

system is possible. The optimized structures of the 9 combinations of As@Ni9Mn3@As20 systems are 

shown in the Fig. 3.4 below. 

Figure 3.4: All possible combination of As@Ni9Mn3@As20 cluster according to their energy. 

As evident from the figure, the As20 cage in this case is also significantly distorted. In the above 

structures near the Mn atom the As-As bonds vary from 2.69 Å to 3.54 Å. For all the possible clusters As-

As bond length is increased by 0.09 Å on an average compared to As20 cage in As21Ni12 system. 
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The HOMO-LUMO gap, net spin moment, average bond lengths of As-As, Ni-Ni, As-Ni, As-Mn, 

Ni-Mn and total energy differences with the lowest energy structure are presented in the Table 3.4. All 

the clusters are in these calculations are in the ferromagnetic state. Due to the breaking of symmetry of 

the parent cage, magnetic anisotropy energy becomes significant.  The MAEs for all the investigated 

clusters in the ferromagnetic state are presented in Table 3.4. The HOMO-LUMO gap is large in these 

clusters and the magnetic moment is all clusters except one is 12 B. The magnetic moment is 10 B for 

the cluster in which all the three Mn ions are adjacent. The anisotropy energy is also least (2.7K) for this 

cluster.  The largest MAE is 37 K for the lowest energy ferromagnetic structure in which the distances 

between the Mn ions are 0.264, 0.536, 0.472 Angstroms.  We find that clusters in which the average Mn-

Mn distances are on the order of 3 Angstroms, the anisotropy energy is also lower. This is due to the 

reduced interactions between the Mn ions. 

Table 3.4: Calculated data for all the possible combination of As@Ni9Mn3@As20 cluster. 

Systems 

H-L gap 

(eV) 

M.M 

 𝝁𝑩 

M.A.E 

(K) 

As-

As 

Å 

As-

Ni 

Å 

Ni-

Mn 

Å 

As-

Mn 

Å 

Mn-

Mn 

Å 

Ni-

Ni 

Å 

Energy 

(Hartee) 

As21Ni9Mn3_0 0.33 12 37.40 

 

2.71 

 

2.44 

 

2.78 

 

2.55 

 

2.64 

 

2.67 -63975.38476 

As21Ni9Mn3_1_ 0.29 12 28.62 

 

2.71 

 

2.44 

 

2.79 

 

2.56 

 

2.62 

 

2.65 -63975.38237 

As21Ni9Mn3_2 0.34 12 24.92 

 

2.72 

 

2.45 

 

2.74 

 

2.53 

 

--- 

 

2.70 -63975.38233 

As21Ni9Mn3_3 0.5 12 33.64 

 

2.72 

 

2.44 

 

2.78 

 

2.53 

 

---- 

 

2.68 -63975.3806 

As21Ni9Mn3_4 0.24 12 22.36 

 

2.73 

 

2.44 

 

2.79 

 

2.56 

 

2.71 

 

2.65 -63975.37917 

As21Ni9Mn3_5 0.25 12 11.63 

 

2.69 

 

2.44 

 

2.73 

 

2.53 

 

3.12 

 

2.67 -63975.37467 

As21Ni9Mn3_6 0.25 12 11.67 

 

2.69 

 

2.45 

 

2.74 

 

2.53 

 

3.13 

 

2.69 -63975.37366 

As21Ni9Mn3_7 0.26 10 2.73 

 

2.80 

 

2.45 

 

2.68 

 

2.47 

 

2.66 

 

2.75 -63975.37245 

As21Ni9Mn3_8 0.25 12 11.03 

 

2.69 

 

2.45 

 

2.73 

 

2.53 

 

3.12 

 

2.69 -63975.37179 

As21Ni9Mn3_9 0.52 12 33.41 

 

2.73 

 

2.44 

 

2.78 

 

2.54 

 

---- 

 

2.68 -63975.36678 
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In the above table among all the combinations of the cluster the most favorable (lowest energy) 

cluster is found to be As21Ni9Mn3_0 system which is indicated by red color. 

3.3.1: Ferrimagnetic States of As@Ni9Mn3@As20 

The most favorable ferromagnetic cluster (As21Ni9Mn3_0) from Table 3.4 is chosen for studying 

different ferromagnetic spin ordering of the Mn atoms.  There are three such spin ordering apart from the 

ferromagnetic structure as shown in Table 3.5. The corresponding magnetic anisotropy energy (MAE), 

magnetic moment (M.M), HOMO-LUMO gap (H-L gap) and the deviation in energy from the 

ferromagnetic (As21Ni9Mn3_4) cluster are given below. We find one ferrimagnetically ordered structure 

S.110, which is almost at the same total energy as the ferromagnetic structure. This isomer has a magnetic 

moment of 4 B but has a larger HOMO-LUMO gap of 0.47 eV.  The MAE is half of the ferromagnetic 

structure. The physical picture of the S.110 system is shown below. Another similar isomer S.101 also has 

same magnetic moment and gap but slightly higher MAE. These studies show that these clusters are 

chemically stable as indicated by their HOMO-LUMO gaps but can span several spin states at low 

temperature with an energy difference of a few tenths of meV.  

Table 3.5: Data for all possible spin ordering of Mn atom in the As21Ni9Mn3_0 system 

Systems MAE (K) M.M ( 𝝁𝑩) H-L gap (eV) E-EFM (eV) 

S.110   ↑ ↑ ↓  18.633 4 0.47 -0.15 

S.101 ↑ ↓ ↑  27.572 4 0.43 -0.10 

S.100 ↑ ↓ ↓  31.369 2 0.18 0.19 
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Figure 3.5: Spin ordering (S.110) of Mn atom in As@Ni9Mn3@As20 system 

3.4: As@Ni8Mn4@As20 

For the As@Ni8Mn4@As20 system there are 6 possible unique structures which can be generated 

from As@Ni8Mn4@As20 system by replacing four Ni atoms by Mn atoms. The optimized structures of 

As@Ni8Mn4@As20 in the ferromagnetic state are shown in Fig. 3.6. The As cage is distorted in these 

clusters in which the As-As bonds near the Mn ions vary from 2.61 to 3.41 Å.  On average, the As-As 

bonds near Mn atoms increase by 0.12 Å compared to As20 cage in parent As21Ni12 system.  The various 

calculated electronic and structural properties of these clusters such as HOMO-LUMO gaps, magnetic 

moments, various bond lengths and magnetic anisotropy energies are presented in Table 3. 6.  The 

symmetry of the parent cluster is broken resulting in magnetic anisotropy energies in these isomers. The 

spin magnetic moments in these isomers range from 13 to 15 B within a range of 0.45 eV in total energy. 

The HOMO-LUMO gap in the lowest energy structure is 0.16 eV and the MAE is 33K. However, as 

discussed below the ferromagnetic state is higher in energy compared to an anti-ferromagnetic state. 
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Figure 3.6: All possible combination of As@Ni8Mn4@As20 system. 

Table 3.6: Data for all possible combination of As@Ni8Mn4@As20 cluster. 

 

In the above table among all the combinations of the cluster the most favorable (lowest energy) 

cluster is found to be As21Ni8Mn4_0 which is indicated by red color. These systems are considered as 

Ferromagnetic as they have all the spins in the same directions.  

Systems 

H-L 

gap 

(eV) 

M.M 

 𝝁𝑩 

M.A.E 

(K) 

As-

As 

Å 

As-

Ni 

Å 

Ni-

Mn 

Å 

As-

Mn 

Å 

Mn-

Mn 

Å 

Ni-

Ni 

Å 

Energy 

(Hartee) 

As21Ni8Mn4_0 0.16 15 32.82 

 

2.72 

 

2.44 

 

2.77 

 

2.56 

 

2.69 

 

2.65 -63618.01696 

As21Ni8Mn4_1 0.27 15 49.19 

 

2.70 

 

2.45 

 

2.78 

 

2.56 

 

2.64 

 

2.65 -63618.01353 

As21Ni8Mn4_2 0.24 15 57.78 

 

2.68 

 

2.44 

 

2.82 

 

2.55 

 

2.63 

 

2.65 -63618.0105 

As21Ni8Mn4_3 0.21 13 12.12 

 

2.68 

 

2.46 

 

2.68 

 

2.53 

 

2.90 

 

2.73 -63618.00693 

As21Ni8Mn4_4 0.17 15 29.54 

 

2.67 

 

2.45 

 

2.72 

 

2.53 

 

3.07 

 

2.72 -63618.00025 
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3.4.1 Ferrimagnetic Investigation of As@Ni8Mn4@As20 

There are four different spin ordered state for the lowest energy structure from the ferromagnetic 

calculation. The corresponding Magnetic Anisotropy Energy (MAE), Magnetic Moment (M.M), HOMO-

LUMO gap (H-L gap) and the deviation in energy from the ferromagnetic (As21Ni8Mn4_0) cluster for all 

the spin ordered isomers are given in Table 3.7.  A spin S=1/2 (S.0011) state is lower than the 

ferromagnetic state by 0.2 eV.  The physical picture of the S.0011 system is shown below. In this picture 

Mn1, Mn2 have spin down and Mn3, Mn4 has spin up.  

Table 3.7: Data for all possible spin ordering of Mn atom in the As21Ni8Mn4_0 system 

Systems MAE (K) M.M 𝝁𝑩 H-L gap (eV) E-EFM (eV) 

S.0011  ↓ ↓ ↑ ↑  0 1 0.45 -0.20 

S.0001 ↓ ↓ ↓ ↑  22.32 5 0.22 0.04 

S.0010 ↓ ↓ ↑ ↓  22.16 5 0.22 0.04 

S.0100 ↓ ↑ ↓ ↓  32.38 7 0.14 0.36 

 

In the above table it can be seen that the first two system S.0011 has lower energy than the 

ferromagnetic system. 

                                                    

Figure 3.7: Spin ordering (S.0011) of Mn atom in As@Ni8Mn4@As20 system 

3.5: As@Ni7Mn5@As20 

In the parent As@Ni12@As20 system, we have doped five Mn atom by replacing any five of the 

12 Ni atoms. There are 7 possible resultant isomers of the As@Ni7Mn5@As20 system. The optimized 
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structures of the As@Ni7Mn5@As20 isomers in ferromagnetic state are shown in the Fig. 3.8. Due to the 

presence of the Mn atoms in the above structures near the Mn atom the As-As bond is increased by 0.05 

Å on an average compared to As20 cage in As21Ni12 system.  

The net spin moment and HOMO-LUMO gap of all the above structures are calculated.  The 

presence of Mn atoms breaks the symmetry of the system, resulting the larger magnetic anisotropy 

compared to the parent cluster. Moreover overall average bond lengths of As-As, Ni-Ni, As-Ni, As-Mn, 

Ni-Mn in the whole clusters are also computed. In the table below all the detailed information are given. 

A comparison of the As-As bond in the doped clusters with that of the parent cluster shows that 

the As-As bonds are shorter in the doped clusters. Moreover, the binding energy of the cluster increases 

as the number of the Mn atoms increases. Thus, the doping has a stabilizing effect on the cluster.  

Figure 3.8: All possible combination of As@Ni7Mn5@As20 cluster according to their energy. 
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Table 3.8: Data for all possible combination of As@Ni7Mn5@As20 cluster. 

Systems 

 H-L 

gap 

(eV)  

M.M 

 𝝁𝑩 

M.A.E 

(K) 

As-

As 

Å 

As-

Ni 

Å 

Ni-

Mn 

Å 

As-

Mn 

Å 

Mn-

Mn 

Å 

Ni-

Ni 

Å 

Energy 

(Hartee) 

As21Ni7Mn5_0 0.22 14 17.20 

 

2.71 

 

2.44 

 

2.76 

 

2.53 

 

2.64 

 

2.67 -63260.64776 

As21Ni7Mn5_1 0.11 16 19.67 

 

2.69 

 

2.45 

 

2.72 

 

2.54 

 

2.77 

 

2.70 -63260.64615 

As21Ni7Mn5_2 0.21 16 21.14 

 

2.67 

 

2.45 

 

2.76 

 

2.55 

 

2.68 

 

2.65 -63260.64364 

As21Ni7Mn5_3 0.11 18 36.74 

 

2.68 

 

2.46 

 

2.75 

 

2.55 

 

2.74 

 

2.67 -63260.64279 

As21Ni7Mn5_4 0.12 18 49.27 

 

2.63 

 

2.47 

 

2.73 

 

2.53 

 

2.88 

 

2.72 -63260.63624 

As21Ni7Mn5_5 0.24 16 26.93 

 

2.66 

 

2.46 

 

2.75 

 

2.53 

 

2.83 

 

2.71 -63260.63473 

As21Ni7Mn5_6 0.22 15 19.43 

 

2.65 

 

2.46 

 

2.75 

 

2.53 

 

2.83 

 

2.71 -63260.61562 

 

In the above table among all the combinations of the cluster, the most favorable one (lowest 

energy) is found to be As21Ni7Mn5_0 system which is indicated by red color. 

3.5.1 Ferrimagnetic Investigation of As@Ni7Mn5@As20: 

In the As@Ni7Mn5@As20 cluster it is evident that there are five Mn atoms. The most favorable 

ferromagnetic cluster (As21Ni7Mn5_0) from the above table is chosen for different spin ordering of the Mn 

atoms.   All the possible spin ordering of the Mn atoms in this cluster are studied and the corresponding 

Magnetic Anisotropy Energy (MAE), Magnetic Moment (M.M), HOMO-LUMO gap (H-L gap) and the 

deviation in energy from the ferromagnetic (As21Ni7Mn5_0) cluster is also computed. 
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Table 3.9: Data for different spin ordering of Mn atoms for the As@Ni7Mn5@As20 system 

Systems MAE (K) M.M  𝝁𝑩 H-L gap (eV) E-EFM (eV) 

S.01010  ↓ ↑ ↓ ↑ ↓  11.05 2 0.32 -0.03 

S.01001  ↓ ↑ ↓ ↓ ↑  19.64 2 0.25 0.02 

S.01011  ↓ ↑ ↓ ↑ ↑  7.96 2 0.26 0.00 

S.00011  ↓ ↓ ↓ ↑ ↑  19.79 2 0.32 0.10 

S.01000  ↓ ↑ ↓ ↓ ↓  24.47 10 0.22 0.11 

S.00100  ↓ ↓ ↑ ↓ ↓  21.48 10 0.24 0.13 

S.00010   ↓ ↓ ↓ ↑ ↓  18.94 6 0.3 0.14 

S.00110   ↓ ↓ ↑ ↑ ↓  28.80 4 0.15 0.15 

S.00001   ↓ ↓ ↓ ↓ ↑  20.34 8 0.21 0.24 

S.00111   ↓ ↓ ↑ ↑ ↑  13.08 2 0.18 0.26 

S.00101   ↓ ↓ ↑ ↓ ↑  18.62 4 0.14 0.26 

S.01100   ↓ ↑ ↑ ↓ ↓  8.20 6 0.2 0.32 

S.00110   ↓ ↓ ↑ ↑ ↓  28.80 4 0.15 0.15 

 

In the above table it is evident that the first system (S.01010) have slightly lower energy than the 

ferromagnetic system. The physical picture of the S.01010 system is shown below. In this picture Mn1, 

Mn3 and Mn5 have down spin and Mn2, Mn4 have up spin. There are in total three spin states with net 

magnetic moment 2 B, which are almost degenerate with the ferromagnetic state. The very small energy 

difference indicates vanishingly small exchange-interactions between some of the spins. As a result the 

system can transit from one spin state to another of these states with a small penalty in terms of energy. 

                                          

Figure 3.9: Spin ordering (S.01010) of Mn atom in As@Ni7Mn5@As20 system 
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3.6: As@Ni6Mn6@As20: 

In the parent As@Ni12@As20 system six Mn atoms are doped by replacing any six of the 12 Ni 

atoms. There are 3 possible resultant isomers of the As@Ni6Mn6@As20 system. The optimized structure 

of ferromagnetic As@Ni6Mn6@As20 isomers are shown in the figure below and the electronic and 

structural properties of the systems are presented in Table 3.10.  

 

Figure 3.10: All possible combination of As@Ni6Mn6@As20 cluster according to their energy. 

On an average the As-As bond length is increased by 0.02 Å compared to the As20 cage in the 

parent As21Ni12 system. The spin magnetic moment of these isomers varies from 15 to 21 B in these 

clusters. The lowest structure has six Mn atoms forming a pentagonal pyramid. The magnetic anisotropy 

energy of the lowest energy isomer is 7K. The binding energy of the six Mn doped cluster increases to 

5.48 eV from 4.81 eV in the parent cluster. The gap of 0.25 eV suggests the cluster to be chemically stable. 

The As-Ni bonds in the parent cluster are shorter compared to the As-Mn bonds. On the other hand As-

As bonds are shorter which results in significant distortion of the cluster. 

Table 3.10: Data for ferromagnetic isomers of As@Ni6Mn6@As20 cluster. 

Systems 

 H-L 

gap 

(eV)  

M.M 

 𝝁𝑩 

M.A.E 

(K) 

As-

As 

Å 

As-

Ni 

Å 

Ni-

Mn 

Å 

As-

Mn 

Å 

Mn-

Mn 

Å 

Ni-

Ni 

Å 

Energy 

(Hartee) 

As21Ni6Mn6_0 0.25 15 7.20 2.75 2.45 2.71 2.50 2.68 2.70 -62903.27183 

As21Ni6Mn6_1 0.16 21 44.73 2.66 2.47 2.74 2.55 2.80 2.70 -62903.26591 

As21Ni6Mn6_2 0.01 18 31.67 2.68 2.74 2.75 2.54 2.85 2.69 -62903.24426 
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In the above table it is found that the most favorable (lowest energy) cluster is As21Ni6Mn6_0. 

3.6.1 Ferrimagnetic Investigation of As@Ni6Mn6@As20 

The presence of six Mn atoms in the cluster leads to 32 spin states in total. The most favorable 

ferromagnetic cluster (As21Ni6Mn6_0) from the above table is chosen for studying different spin ordering 

of the Mn atoms. To reduce the computational costs, the anti-ferromagnetic states are first done as single 

point calculations.  Then the lowest 10 isomers are chosen and further optimized.  All the possible spin 

ordering of the Mn atoms in this cluster and the corresponding magnetic anisotropy energy (MAE), 

magnetic moment (M.M), HOMO-LUMO gap (H-L gap) and the deviation in energy from the 

ferromagnetic (As21Ni7Mn5_0) cluster are presented in Table 3.11. As can be seen from the table some of 

the spin ordered states have zero magnetic moment. Some of the states are almost metallic in character 

with very small HOMO-LUMO gaps. For ease of reading, the ferromagnetic state is also presented in this 

table.  

Table 3.11: Data for different spin orientation of Mn atoms in As21Ni6Mn6_0 system from single point 

calculations. 

Systems MAE (K) M.M  ( 𝝁𝑩) H-L gap (eV) E-EFM (eV) 

S.000000  ↓ ↓ ↓ ↓ ↓ ↓  7.09 15 0.25 0.00 

S.001000  ↓ ↓ ↑ ↓ ↓ ↓  9.92 11 0.09 0.20 

S.000100  ↓ ↓ ↓ ↑ ↓ ↓  11.23 11 0.13 0.20 

S.010000  ↓ ↑ ↓ ↓ ↓ ↓  4.73 13 0.12 0.28 

S.000110  ↓ ↓ ↓ ↑ ↑ ↓  17.55 5 0.19 0.30 

S.001010  ↓ ↓ ↑ ↓ ↑ ↓  17.84 5 0.19 0.30 

S.000001  ↓ ↓ ↓ ↓ ↓ ↑  39.20 11 0.08 0.34 

S.010100  ↓ ↑ ↓ ↑ ↓ ↓  29.18 5 0.13 0.38 

S.011111  ↓ ↑ ↑ ↑ ↑ ↑  16.14 9.03 0.02 0.38 

S.000111  ↓ ↓ ↓ ↑ ↑ ↑  0.00 1 0.1 0.41 

S.001011  ↓ ↓ ↑ ↓ ↑ ↑  0.00 1 0.07 0.41 

S.000010  ↓ ↓ ↓ ↓ ↑ ↓  29.04 9 0.06 0.42 

S.010111  ↓ ↑ ↓ ↑ ↑ ↑  18.05 3 0.05 0.42 

S.011110  ↓ ↑ ↑ ↑ ↑ ↓  26.86 5 0.1 0.43 

S.001110  ↓ ↓ ↑ ↑ ↑ ↓  0.00 1 0.05 0.45 

S.010001  ↓ ↑ ↓ ↓ ↓ ↑  23.08 7 0.05 0.45 
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S.011000  ↓ ↑ ↑ ↓ ↓ ↓  20.29 7 0.11 0.46 

S.010101  ↓ ↑ ↓ ↑ ↓ ↑  0.00 1 0.14 0.46 

S.000101  ↓ ↓ ↓ ↑ ↓ ↑  20.19 7 0.13 0.47 

S.001001  ↓ ↓ ↑ ↓ ↓ ↑  20.20 7 0.13 0.47 

S.001111  ↓ ↓ ↑ ↑ ↑ ↑  9.25 3 0.09 0.47 

S.011011  ↓ ↑ ↑ ↓ ↑ ↑  29.08 3 0.09 0.49 

S.001100  ↓ ↓ ↑ ↑ ↓ ↓  4.28 7 0.11 0.54 

S.010110  ↓ ↑ ↓ ↑ ↑ ↓  0.00 1 0.09 0.56 

S.000011  ↓ ↓ ↓ ↓ ↑ ↑  19.81 5 0.07 0.58 

S.011001  ↓ ↑ ↑ ↓ ↓ ↑  42.07 3 0.11 0.58 

S.011010  ↓ ↑ ↑ ↓ ↑ ↓  0.00 1 0.07 0.61 

S.010010  ↓ ↑ ↓ ↓ ↑ ↓  18.19 5 0.12 0.65 

S.010011  ↓ ↑ ↓ ↓ ↑ ↑  0.00 1 0.07 0.66 

S.011101  ↓ ↑ ↑ ↑ ↓ ↓  39.24 3 0.04 0.68 

S.011100  ↓ ↑ ↑ ↑ ↓ ↓  0.00 1 0.07 0.69 

S.001101  ↓ ↓ ↑ ↑ ↓ ↑  0.00 1 0.08 0.78 

 

The spin ordering of the clusters in the above table are arranged according to their energy. From 

the table it is evident that the ferromagnetic or antiferromagnetic states are much higher in energy 

compared to the ferromagnetic state. The lowest 10 spin ordered states of the cluster are selected and 

optimized by running several iteration in order to find the lower energy clusters compared to the 

ferromagnetic one.  

Table 3.12: Data for the first 10 different spin-ordering of Mn atom in As21Ni6Mn6_0 system 

Systems MAE (K) M.M    ( 𝝁𝑩) H-L gap (eV) E-EFM (eV) 

S.010100  ↓ ↑ ↓ ↑ ↓ ↓  12.62 5 0.32 -0.29 

S.000110  ↓ ↓ ↓ ↑ ↑ ↓  9.93 5 0.4 -0.25 

S.001010  ↓ ↓ ↑ ↓ ↑ ↓  10.13 5 0.4 -0.25 

S.000100  ↓ ↓ ↓ ↑ ↓ ↓  9.34 9 0.15 -0.20 

S.001000  ↓ ↓ ↑ ↓ ↓ ↓  8.65 9 0.12 -0.14 

S.010000  ↓ ↑ ↓ ↓ ↓ ↓  16.50 11 0.18 -0.06 

S.000111  ↓ ↓ ↓ ↑ ↑ ↑  0.00 1 0.22 0.01 

S.000000  ↓ ↓ ↓ ↓ ↓ ↓  4.85 15 0.25 0.02 

S.000001  ↓ ↓ ↓ ↓ ↓ ↑  39.45 9 0.03 0.04 

S.011111  ↓ ↑ ↑ ↑ ↑ ↑  20.15 9 0.0 0.02 

In the above table it is evident that the first six clusters have lower energy compared to the 

ferromagnetic case. The cluster with spin ordering S.010100 has the lowest energy and it can be considered 
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as the most favorable cluster of the As@Ni6Mn6@As20 system which has magnetic anisotropy energy of 

12.6 K. The picture of the spin ordering S.010100 is given below. Similar to the other clusters studied 

here, this cluster also has several closely spaced spin states with nearly same magnetic moment.  It can be 

mentioned here that the bare Mn6 cluster also has a ferromagnetic spin arrangement but the preferred 

structure is octahedral with a magnetic moment of 9 B.  Experimentally determined value of magnetic 

moment of the bare Mn6 cluster ranges from 2-4 B at temperature of 50K. The magnetic anisotropy 

energy of the bare Mn6 cluster is 0K compared to the 12K of the As@Mn6Ni6@As20 cluster. The spin 

moment on the individual Mn ions in As@Ni6Mn6@As20 ranges from 2 – 3 B compared to the 3.7 B 

in the bare Mn6 cluster.  These comparisons show that the bonding of the Mn ions with the As and Ni 

atoms reduces the individual spin moments.   

 

                                                       

Figure 3.11: Spin ordering (S.010100 ↓ ↑ ↓ ↑ ↓ ↓) of Mn atom in As@Ni6Mn6@As20 system. 

3.7: As@Ni5Mn7@As20 

In the parent As@Ni12@As20 system seven Mn atoms are doped by replacing seven of the 12 Ni 

atoms. Five such stable ferromagnetic isomers of the As@Ni5Mn7@As20 system are obtained. These 

optimized isomers are shown in Fig. 3.12 and their properties are listed in Table 3.13. Due to the presence 

of the Mn atoms in the above structures near the Mn atom the As-As bond is varied from 3.37 Å to 2.49 

Å. An average increment of 0.03 Å is seen for the As-As bonds compared to the parent cluster. The 
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favorable (lowest energy) cluster (As21Ni5Mn7_0) is indicated by the red color in the table. The lowest 

energy cluster is stable with a HOMO-LUMO gap of 0.20 eV and has a magnetic moment of 22 B.  This 

cluster has magnetic anisotropy energy of 27K. One of the isomers (As21Ni5Mn7_5) has very low gap 

between the HOMO and LUMO. So this system can be considered as metallic. 

 

 

Figure 3.12: All possible combination of As@Ni5Mn7@As20 cluster according to their energy. 

It is evident from the figure that As20 cage is broken. Due to the presence of the Mn atoms in the 

above structures near the Mn atom the As-As bond is varied from 3.37 Å to 2.49 Å. On an average the 

bond length is increased by 0.03 Å compared to As20 cage in As21Ni12 system. 

The net spin moment and HOMO-LUMO gap of all the above structures are calculated. Due to the 

breaking of symmetry, the resulting magnetic anisotropy compared to the parent cluster become larger. 
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Average bond lengths of As-As, Ni-Ni, As-Ni, As-Mn, Ni-Mn in the whole clusters are also computed. In 

the table below all the detailed information are given. 

Table 3.13: Data for all the possible combination of As@Ni5Mn7@As20 cluster. 

Systems 

 H-L 

gap 

(eV)  

M.M 

 𝝁𝑩 

M.A.E 

(K) 

As-

As 

Å 

As-

Ni 

Å 

Ni-

Mn 

Å 

As-

Mn 

Å 

Mn-

Mn 

Å 

Ni-

Ni 

Å 

Energy 

(Hartee) 

As21Ni5Mn7_0 0.2 22 27.41 

 

2.65 

 

2.46 

 

2.76 

 

2.55 

 

2.73 

 

2.65 -62545.91441 

As21Ni5Mn7_1 0.24 18 10.55 

 

2.69 

 

2.44 

 

2.74 

 

2.51 

 

2.68 

 

2.67 -62545.9117 

As21Ni5Mn7_2 0.1 18 27.30 

 

2.69 

 

2.45 

 

2.73 

 

2.51 

 

2.67 

 

2.68 -62545.90552 

As21Ni5Mn7_3 0.19 18 22.58 

 

2.69 

 

2.45 

 

2.73 

 

2.51 

 

2.67 

 

2.68 -62545.90485 

As21Ni5Mn7_4 0.04 20 35.97 

 

2.68 

 

2.44 

 

2.78 

 

2.55 

 

2.70 

 

2.59 -62545.90392 

3.7.1: Ferrimagnetic Investigation of As@Ni5Mn7@As20 

The most favorable ferromagnetic cluster (As21Ni5Mn7_0) from the above table is chosen for 

studying different ferromagnetic spin ordering of the Mn atoms. As the number of the Mn atoms increases, 

the number of possible ferromagnetic isomers also increases. To keep the computations tractable, we first 

performed a single point calculation on all the possible spin ordered isomers. The corresponding magnetic 

anisotropy energy (MAE), magnetic moment (M.M), HOMO-LUMO gap (H-L gap) and the deviation in 

energy from the ferromagnetic (As21Ni5Mn7_0) cluster are presented in Table 3.14. We have included the 

ferromagnetic state in the table for the sake of completion. 



 42 

Table 3.14: Data for different spin configuration of Mn atom in the As21Ni5Mn7_0 system 

Systems Systems MAE (K) M.M ( 𝝁𝑩) H-L gap (eV) E-EFM (eV) 

S.0000000 ↓ ↓ ↓ ↓ ↓ ↓ ↓ 27.5 22.0 0.2 0.0 

S.0111110 ↓ ↑ ↑ ↑ ↑ ↑ ↓ 26.3 8.0 0.1 0.1 

S.0011000 ↓ ↓ ↑ ↑ ↓ ↓ ↓ 28.1 8.0 0.3 0.2 

S.0001000 ↓ ↓ ↓ ↑ ↓ ↓ ↓ 30.0 14.0 0.1 0.2 

S.0100000 ↓ ↑ ↓ ↓ ↓ ↓ ↓ 22.1 16.0 0.1 0.2 

S.0000010 ↓ ↓ ↓ ↓ ↓ ↑ ↓ 33.7 14.0 0.2 0.3 

S.0011010 ↓ ↓ ↑ ↑ ↓ ↑ ↓ 0.0 0.0 0.2 0.3 

S.0111100 ↓ ↑ ↑ ↑ ↑ ↓ ↓ 16.8 2.0 0.1 0.3 

S.0100110 ↓ ↑ ↓ ↓ ↑ ↑ ↓ 40.1 4.0 0.2 0.4 

S.0000110 ↓ ↓ ↓ ↓ ↑ ↑ ↓ 30.7 8.0 0.2 0.4 

S.0100100 ↓ ↑ ↓ ↓ ↑ ↓ ↓ 21.6 10.0 0.2 0.4 

S.0110110 ↓ ↑ ↑ ↓ ↑ ↑ ↓ 26.6 2.0 0.1 0.4 

S.0000100 ↓ ↓ ↓ ↓ ↑ ↓ ↓ 29.2 16.0 0.2 0.4 

S.0111000 ↓ ↑ ↑ ↑ ↓ ↓ ↓ 22.8 4.0 0.1 0.4 

S.0011110 ↓ ↓ ↑ ↑ ↑ ↑ ↓ 38.2 2.0 0.0 0.4 

S.0010000 ↓ ↓ ↑ ↓ ↓ ↓ ↓ 35.4 14.0 0.1 0.4 

S.0110000 ↓ ↑ ↑ ↓ ↓ ↓ ↓ 26.7 8.0 0.1 0.4 

S.0011111 ↓ ↓ ↑ ↑ ↑ ↑ ↑ 27.0 8.0 0.2 0.4 

S.0011100 ↓ ↓ ↑ ↑ ↑ ↓ ↓ 15.5 4.0 0.2 0.5 

S.0110100 ↓ ↑ ↑ ↓ ↑ ↓ ↓ 43.4 4.0 0.1 0.5 

S.0000001 ↓ ↓ ↓ ↓ ↓ ↓ ↑ 54.1 16.0 0.2 0.5 
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S.0001010 ↓ ↓ ↓ ↑ ↓ ↑ ↓ 46.9 8.0 0.0 0.5 

S.0000011 ↓ ↓ ↓ ↓ ↓ ↑ ↑ 29.9 10.0 0.1 0.5 

S.0100010 ↓ ↑ ↓ ↓ ↓ ↑ ↓ 23.3 8.0 0.2 0.5 

S.0011011 ↓ ↓ ↑ ↑ ↓ ↑ ↑ 31.9 4.0 0.2 0.5 

S.0010010 ↓ ↓ ↑ ↓ ↓ ↑ ↓ 42.7 8.0 0.1 0.6 

S.0100111 ↓ ↑ ↓ ↓ ↑ ↑ ↑ 0.0 0.0 0.1 0.6 

S.0111101 ↓ ↑ ↑ ↑ ↑ ↓ ↑ 24.0 8.0 0.2 0.6 

S.0110111 ↓ ↑ ↑ ↓ ↑ ↑ ↑ 15.4 6.0 0.1 0.6 

S.0101110 ↓ ↑ ↓ ↑ ↑ ↑ ↓ 30.9 2.0 0.2 0.6 

S.0101000 ↓ ↑ ↓ ↑ ↓ ↓ ↓ 46.0 9.9 0.0 0.6 

S.0000111 ↓ ↓ ↓ ↓ ↑ ↑ ↑ 31.3 4.0 0.1 0.6 

S.0001110 ↓ ↓ ↓ ↑ ↑ ↑ ↓ 28.8 4.0 0.0 0.6 

S.0010110 ↓ ↓ ↑ ↓ ↑ ↑ ↓ 28.6 4.0 0.2 0.6 

S.0001100 ↓ ↓ ↓ ↑ ↑ ↓ ↓ 34.3 10.0 0.1 0.6 

S.0111011 ↓ ↑ ↑ ↑ ↓ ↑ ↑ 29.8 8.0 0.2 0.6 

S.0001001 ↓ ↓ ↓ ↑ ↓ ↓ ↑ 30.5 8.0 0.2 0.7 

S.0011001 ↓ ↓ ↑ ↑ ↓ ↓ ↑ 35.7 4.0 0.1 0.7 

S.0001011 ↓ ↓ ↓ ↑ ↓ ↑ ↑ 38.8 4.0 0.1 0.7 

S.0010100 ↓ ↓ ↑ ↓ ↑ ↓ ↓ 25.1 10.0 0.1 0.7 

S.0101100 ↓ ↑ ↓ ↑ ↑ ↓ ↓ 22.9 4.0 0.1 0.7 

S.0010111 ↓ ↓ ↑ ↓ ↑ ↑ ↑ 0.0 0.0 0.1 0.7 

S.0100101 ↓ ↑ ↓ ↓ ↑ ↓ ↑ 28.8 6.0 0.2 0.7 

S.0111001 ↓ ↑ ↑ ↑ ↓ ↓ ↑ 39.4 2.0 0.1 0.7 
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S.0100011 ↓ ↑ ↓ ↓ ↓ ↑ ↑ 31.9 4.0 0.2 0.7 

S.0110101 ↓ ↑ ↑ ↓ ↑ ↓ ↑ 0.0 0.0 0.2 0.8 

S.0001111 ↓ ↓ ↓ ↑ ↑ ↑ ↑ 0.0 0.0 0.1 0.8 

S.0100001 ↓ ↑ ↓ ↓ ↓ ↓ ↑ 20.1 10.0 0.0 0.8 

S.0111010 ↓ ↑ ↑ ↑ ↓ ↑ ↓ 58.8 2.0 0.1 0.8 

S.0010011 ↓ ↓ ↑ ↓ ↓ ↑ ↑ 16.5 4.0 0.1 0.8 

S.0101111 ↓ ↑ ↓ ↑ ↑ ↑ ↑ 21.4 6.0 0.1 0.8 

S.0010001 ↓ ↓ ↑ ↓ ↓ ↓ ↑ 40.7 10.0 0.2 0.8 

S.0011101 ↓ ↓ ↑ ↑ ↑ ↓ ↑ 0.0 0.0 0.1 0.8 

S.0101010 ↓ ↑ ↓ ↑ ↓ ↑ ↓ 13.8 2.0 0.2 0.8 

S.0110011 ↓ ↑ ↑ ↓ ↓ ↑ ↑ 38.5 2.0 0.1 0.8 

S.0000101 ↓ ↓ ↓ ↓ ↑ ↓ ↑ 46.3 12.0 0.1 0.9 

S.0110001 ↓ ↑ ↑ ↓ ↓ ↓ ↑ 44.4 6.0 0.0 0.9 

S.0101011 ↓ ↑ ↓ ↑ ↓ ↑ ↑ 21.5 2.0 0.1 1.0 

S.0101001 ↓ ↑ ↓ ↑ ↓ ↓ ↑ 27.6 4.0 0.1 1.0 

S.0010101 ↓ ↓ ↑ ↓ ↑ ↓ ↑ 30.6 6.0 0.1 1.0 

S.0001101 ↓ ↓ ↓ ↑ ↑ ↓ ↑ 20.7 6.0 0.1 1.1 

S.0101101 ↓ ↑ ↓ ↑ ↑ ↓ ↑ 0.0 0.2 0.0 1.1 

 

The spin ordering of Mn atoms in the cluster are arranged according to their energy. The first 10 

spin ordering of the cluster are selected and again optimized in order to find the lower energy clusters 

compare to the ferromagnetic one. These optimized clusters are again investigated by computing MAE, 

M.M, H-L gap and E-EFM which are shown in the table below. 
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Table 3.15: Data for the lowest 10 spin ordered isomers of Mn atoms in the As@Ni5Mn7@As20 cluster 

Systems MAE (K) M.M ( 𝝁𝑩) H-L gap (eV) E-EFM (eV) 

S.0111110 ↓ ↑ ↑ ↑ ↑ ↑ ↓ 24.5 8.0 0.4 -0.2 

S.0011010 ↓ ↓ ↑ ↑ ↓ ↑ ↓ 0.0 0.0 0.3 -0.2 

S.0011000 ↓ ↓ ↑ ↑ ↓ ↓ ↓ 26.2 8.0 0.4 -0.2 

S.0100100 ↓ ↑ ↓ ↓ ↑ ↓ ↓ 21.6 10.0 0.2 -0.2 

S.0100000 ↓ ↑ ↓ ↓ ↓ ↓ ↓ 24.4 16.0 0.3 -0.1 

S.0000110 ↓ ↓ ↓ ↓ ↑ ↑ ↓ 24.4 8.0 0.3 -0.1 

S.0111100 ↓ ↑ ↑ ↑ ↑ ↓ ↓ 15.8 2.0 0.2 -0.1 

S.0000000 ↓ ↓ ↓ ↓ ↓ ↓ ↓ 25.5 22.0 0.3 0.0 

S.0000010 ↓ ↓ ↓ ↓ ↓ ↑ ↓ 32.0 14.0 0.2 0.0 

S.0100110 ↓ ↑ ↓ ↓ ↑ ↑ ↓ 19.8 4.0 0.2 0.0 

S.0001000 ↓ ↓ ↓ ↑ ↓ ↓ ↓ 27.1 14.0 0.2 0.0 

 

 It is evident from the table that the first seven clusters have lower energy compare to the 

ferromagnetic case. The cluster with spin ordering S.0111110 has the lowest energy and it can be 

considered as the most favorable cluster of the As@Ni5Mn7@As20 system which has the magnetic 

anisotropy energy of 24.5 K. In the S.0111110 spin ordering cluster, two of the Mn atoms have spin down 

(0) and the other Mn atoms have up spin (1). Similar to the other clusters studied in this work, the Mn7 

doped cluster also has several very low-lying isomers. Thus the magnetic state even in low temperature 

can be transient. Moreover, the anisotropy energy is about 25K which shows that the zero field splitting 

is small. 
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3.8: As@Ni4Mn8@As20 

In the parent As@Ni12@As20 system eight Mn atoms are doped by replacing eight of the 12 Ni 

atoms. There are 8 unique possible resultant structures of the As@Ni4Mn8@As20 systems which are shown 

in the figure below. 

 

Figure 3.13: All possible combination of As@Ni4Mn8@As20 cluster according to their energy. 

It is evident from the figure that As20 cage is broken from the parent molecule. Due to the presence 

of the Mn atoms in the above structures near the Mn atom the As-As bond is varied from 3.39 Å to 2.42 

Å. On an average the bond length is increased by 0.17 Å compared to As20 cage in As21Ni12 system. 

The net spin moment and HOMO-LUMO gap of all the above structures are calculated. Due to the 

breaking of symmetry, the resulting magnetic anisotropy compared to the parent cluster become larger. 
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Average bond lengths of As-As, Ni-Ni, As-Ni, As-Mn, Ni-Mn in the whole clusters are also computed. In 

the table below all the detailed information are given. 

Table 3.16: Data for all possible combination of As@Ni4Mn8@As20 cluster. 

Systems 

H-L 

gap 

(eV) 

M.M 

 𝝁𝑩 

M.A.E 

(K) 

 

As-

As 

Å 

 

As-

Ni 

Å 

 

Ni-

Mn 

Å 

 

As-

Mn 

Å 

 

Mn-

Mn 

Å 

 

Ni-

Ni 

Å 

Energy 

(Hartee) 

As21Ni4Mn8_0 0.27 21 25.19 2.63 2.45 2.75 2.52 2.71 2.68 -62188.55912 

As21Ni4Mn8_1 0.19 21 35.19 2.65 2.46 2.73 2.52 2.68 2.73 -62188.53794 

As21Ni4Mn8_2 0.17 17 20.96 2.71 2.45 2.74 2.50 2.66 2.66 -62188.53286 

As21Ni4Mn8_3 0.17 17 20.94 2.71 2.45 2.74 2.50 2.66 2.67 -62188.53064 

As21Ni4Mn8_4 0.04 21 12.85 2.68 2.45 2.73 2.51 2.69 2.70 -62188.52288 

 

The most favorable (lowest energy) cluster in the above table is As21Ni4Mn8_0.  

3.8.1 Ferrimagnetic Investigation of As@Ni4Mn8@As20 

In the As@Ni4Mn8@As20 cluster it is evident that there are eight Mn atoms. The most favorable 

ferromagnetic cluster (As21Ni4Mn8_1) from the above table is chosen for studying different spin ordering 

of the Mn atoms.   All the possible spin ordering of the Mn atoms in this cluster are studied and the 

corresponding Magnetic Anisotropy Energy (MAE), Magnetic Moment (M.M), HOMO-LUMO gap (H-

L gap) and the deviation in energy from the ferromagnetic (As21Ni4Mn8_0) cluster is also computed. 

Table 3.17: Data for different spin configuration of Mn atom in As21Ni4Mn8_0 system 

Systems MAE (K) M.M 𝝁𝑩 H-L gap(eV) E-EFM (eV) 

S.00000000 ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ 25.2 21.0 0.3 0.0 

S.00000010 ↓ ↓ ↓ ↓ ↓ ↓ ↑ ↓ 25.6 15.0 0.1 0.4 

S.00001000 ↓ ↓ ↓ ↓ ↑ ↓ ↓ ↓ 19.7 15.0 0.1 0.5 

S.00000001 ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↑ 24.7 17.0 0.1 0.5 
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S.00010000 ↓ ↓ ↓ ↑ ↓ ↓ ↓ ↓ 30.4 15.0 0.1 0.5 

S.00001010 ↓ ↓ ↓ ↓ ↑ ↓ ↑ ↓ 28.0 11.0 0.0 0.6 

S.00000011 ↓ ↓ ↓ ↓ ↓ ↓ ↑ ↑ 34.1 11.0 0.1 0.6 

S.01101010 ↓ ↑ ↑ ↓ ↑ ↓ ↑ ↓ 0.0 1.0 0.2 0.7 

S.00100000 ↓ ↓ ↑ ↓ ↓ ↓ ↓ ↓ 25.4 17.0 0.1 0.7 

S.00010001 ↓ ↓ ↓ ↑ ↓ ↓ ↓ ↑ 26.0 9.0 0.1 0.7 

S.00011000 ↓ ↓ ↓ ↑ ↑ ↓ ↓ ↓ 41.2 11.0 0.1 0.7 

S.00000100 ↓ ↓ ↓ ↓ ↓ ↑ ↓ ↓ 31.0 17.0 0.1 0.7 

S.00001001 ↓ ↓ ↓ ↓ ↑ ↓ ↓ ↑ 13.2 9.0 0.1 0.7 

S.01100101 ↓ ↑ ↑ ↓ ↓ ↑ ↓ ↑ 23.7 3.0 0.1 0.7 

S.00010010 ↓ ↓ ↓ ↑ ↓ ↓ ↑ ↓ 38.4 11.0 0.1 0.7 

S.01000000 ↓ ↑ ↓ ↓ ↓ ↓ ↓ ↓ 30.3 17.0 0.1 0.7 

S.01000001 ↓ ↑ ↓ ↓ ↓ ↓ ↓ ↑ 30.1 11.0 0.2 0.7 

S.01101101 ↓ ↑ ↑ ↓ ↑ ↑ ↓ ↑ 23.9 3.5 0.0 0.7 

S.01101011 ↓ ↑ ↑ ↓ ↑ ↓ ↑ ↑ 30.6 7.0 0.2 0.7 

S.01000010 ↓ ↑ ↓ ↓ ↓ ↓ ↑ ↓ 24.5 11.0 0.2 0.7 

S.01100001 ↓ ↑ ↑ ↓ ↓ ↓ ↓ ↑ 31.0 7.0 0.2 0.7 

S.00000101 ↓ ↓ ↓ ↓ ↓ ↑ ↓ ↑ 32.1 11.0 0.2 0.7 

S.01001011 ↓ ↑ ↓ ↓ ↑ ↓ ↑ ↑ 0.0 1.0 0.1 0.8 

S.00011010 ↓ ↓ ↓ ↑ ↑ ↓ ↑ ↓ 19.5 3.0 0.1 0.8 

S.01111100 ↓ ↑ ↑ ↑ ↑ ↑ ↓ ↓ 21.3 5.0 0.1 0.8 

S.01001000 ↓ ↑ ↓ ↓ ↑ ↓ ↓ ↓ 16.7 11.0 0.1 0.8 

S.01001001 ↓ ↑ ↓ ↓ ↑ ↓ ↓ ↑ 17.9 7.0 0.1 0.8 

S.01111001 ↓ ↑ ↑ ↑ ↑ ↓ ↓ ↑ 22.8 5.0 0.1 0.8 

S.00100010 ↓ ↓ ↑ ↓ ↓ ↓ ↑ ↓ 22.7 11.0 0.2 0.8 

S.01101100 ↓ ↑ ↑ ↓ ↑ ↑ ↓ ↓ 0.0 1.0 0.2 0.8 

S.00010100 ↓ ↓ ↓ ↑ ↓ ↑ ↓ ↓ 26.8 11.0 0.1 0.8 

S.00101101 ↓ ↓ ↑ ↓ ↑ ↑ ↓ ↑ 0.0 1.0 0.2 0.8 

S.00001011 ↓ ↓ ↓ ↓ ↑ ↓ ↑ ↑ 21.2 3.0 0.1 0.8 

S.01110001 ↓ ↑ ↑ ↑ ↓ ↓ ↓ ↑ 0.0 1.0 0.2 0.8 

S.00101000 ↓ ↓ ↑ ↓ ↑ ↓ ↓ ↓ 26.4 11.0 0.2 0.8 
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S.00100101 ↓ ↓ ↑ ↓ ↓ ↑ ↓ ↑ 21.6 7.0 0.2 0.8 

S.01000011 ↓ ↑ ↓ ↓ ↓ ↓ ↑ ↑ 18.5 5.0 0.1 0.8 

S.00001100 ↓ ↓ ↓ ↓ ↑ ↑ ↓ ↓ 26.0 11.0 0.1 0.8 

S.01101001 ↓ ↑ ↑ ↓ ↑ ↓ ↓ ↑ 34.4 2.5 0.0 0.8 

S.00101010 ↓ ↓ ↑ ↓ ↑ ↓ ↑ ↓ 21.5 5.0 0.1 0.8 

S.01110101 ↓ ↑ ↑ ↑ ↓ ↑ ↓ ↑ 126.8 -3.0 0.0 0.8 

S.01010000 ↓ ↑ ↓ ↑ ↓ ↓ ↓ ↓ 41.0 11.0 0.1 0.8 

S.01111110 ↓ ↑ ↑ ↑ ↑ ↑ ↑ ↓ 46.8 -9.0 0.1 0.9 

S.00110100 ↓ ↓ ↑ ↑ ↓ ↑ ↓ ↓ 21.6 7.0 0.2 0.9 

S.01011000 ↓ ↑ ↓ ↑ ↑ ↓ ↓ ↓ 18.3 5.0 0.1 0.9 

S.01011001 ↓ ↑ ↓ ↑ ↑ ↓ ↓ ↑ 0.0 -1.0 0.2 0.9 

S.00100001 ↓ ↓ ↑ ↓ ↓ ↓ ↓ ↑ 22.0 11.0 0.1 0.9 

S.00010101 ↓ ↓ ↓ ↑ ↓ ↑ ↓ ↑ 35.3 7.0 0.1 0.9 

S.01010001 ↓ ↑ ↓ ↑ ↓ ↓ ↓ ↑ 20.0 5.0 0.1 0.9 

S.01101110 ↓ ↑ ↑ ↓ ↑ ↑ ↑ ↓ 23.9 -3.0 0.1 0.9 

S.00111101 ↓ ↓ ↑ ↑ ↑ ↑ ↓ ↑ 35.8 -5.0 0.1 0.9 

S.01111000 ↓ ↑ ↑ ↑ ↑ ↓ ↓ ↓ 0.0 1.0 0.1 0.9 

S.01001010 ↓ ↑ ↓ ↓ ↑ ↓ ↑ ↓ 22.2 7.0 0.0 0.9 

S.00011100 ↓ ↓ ↓ ↑ ↑ ↑ ↓ ↓ 20.5 5.0 0.2 0.9 

S.00110000 ↓ ↓ ↑ ↑ ↓ ↓ ↓ ↓ 39.6 11.0 0.1 0.9 

S.00010011 ↓ ↓ ↓ ↑ ↓ ↓ ↑ ↑ 17.5 3.0 0.1 0.9 

S.01100111 ↓ ↑ ↑ ↓ ↓ ↑ ↑ ↑ 42.3 -3.0 0.0 0.9 

S.00010110 ↓ ↓ ↓ ↑ ↓ ↑ ↑ ↓ 22.9 7.0 0.1 0.9 

S.00000110 ↓ ↓ ↓ ↓ ↓ ↑ ↑ ↓ 27.0 13.0 0.1 0.9 

S.00101001 ↓ ↓ ↑ ↓ ↑ ↓ ↓ ↑ 18.2 7.0 0.1 0.9 

S.00100011 ↓ ↓ ↑ ↓ ↓ ↓ ↑ ↑ 24.2 5.0 0.2 0.9 

S.00001110 ↓ ↓ ↓ ↓ ↑ ↑ ↑ ↓ 21.6 7.0 0.2 0.9 

S.01111010 ↓ ↑ ↑ ↑ ↑ ↓ ↑ ↓ 31.1 -7.0 0.2 0.9 

S.01100000 ↓ ↑ ↑ ↓ ↓ ↓ ↓ ↓ 29.8 13.0 0.1 0.9 

S.00111100 ↓ ↓ ↑ ↑ ↑ ↑ ↓ ↓ 0.0 1.0 0.1 0.9 

S.01100011 ↓ ↑ ↑ ↓ ↓ ↓ ↑ ↑ 0.0 1.0 0.1 0.9 
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S.00001101 ↓ ↓ ↓ ↓ ↑ ↑ ↓ ↑ 28.0 5.0 0.2 0.9 

S.00010111 ↓ ↓ ↓ ↑ ↓ ↑ ↑ ↑ 0.0 1.0 0.1 0.9 

S.00110110 ↓ ↓ ↑ ↑ ↓ ↑ ↑ ↓ 0.0 1.0 0.2 1.0 

S.00110101 ↓ ↓ ↑ ↑ ↓ ↑ ↓ ↑ 0.0 1.0 0.1 1.0 

S.01110100 ↓ ↑ ↑ ↑ ↓ ↑ ↓ ↓ 16.5 3.0 0.1 1.0 

S.01000101 ↓ ↑ ↓ ↓ ↓ ↑ ↓ ↑ 26.6 7.0 0.1 1.0 

S.01011010 ↓ ↑ ↓ ↑ ↑ ↓ ↑ ↓ 0.0 1.1 0.0 1.0 

S.00110010 ↓ ↓ ↑ ↑ ↓ ↓ ↑ ↓ 26.6 5.0 0.2 1.0 

S.01111011 ↓ ↑ ↑ ↑ ↑ ↓ ↑ ↑ 31.7 -11.0 0.0 1.0 

S.01011101 ↓ ↑ ↓ ↑ ↑ ↑ ↓ ↑ 31.9 3.2 0.0 1.0 

S.00000111 ↓ ↓ ↓ ↓ ↓ ↑ ↑ ↑ 33.2 7.0 0.1 1.0 

S.01001101 ↓ ↑ ↓ ↓ ↑ ↑ ↓ ↑ 0.0 1.0 0.1 1.0 

S.00100100 ↓ ↓ ↑ ↓ ↓ ↑ ↓ ↓ 27.7 11.0 0.1 1.0 

S.00011110 ↓ ↓ ↓ ↑ ↑ ↑ ↑ ↓ 0.0 1.0 0.1 1.0 

S.00101011 ↓ ↓ ↑ ↓ ↑ ↓ ↑ ↑ 0.0 1.0 0.1 1.0 

S.01000100 ↓ ↑ ↓ ↓ ↓ ↑ ↓ ↓ 24.3 11.0 0.1 1.0 

S.01100100 ↓ ↑ ↑ ↓ ↓ ↑ ↓ ↓ 18.1 9.0 0.2 1.0 

S.00111000 ↓ ↓ ↑ ↑ ↑ ↓ ↓ ↓ 29.2 7.0 0.1 1.1 

S.00100111 ↓ ↓ ↑ ↓ ↓ ↑ ↑ ↑ 25.8 3.0 0.1 1.1 

S.01110000 ↓ ↑ ↑ ↑ ↓ ↓ ↓ ↓ 29.7 7.0 0.1 1.1 

S.01010101 ↓ ↑ ↓ ↑ ↓ ↑ ↓ ↑ 44.2 3.0 0.1 1.1 

S.00111001 ↓ ↓ ↑ ↑ ↑ ↓ ↓ ↑ 0.0 1.0 0.1 1.1 

S.01010010 ↓ ↑ ↓ ↑ ↓ ↓ ↑ ↓ 39.5 5.0 0.1 1.1 

S.01011111 ↓ ↑ ↓ ↑ ↑ ↑ ↑ ↑ 16.4 -9.0 0.1 1.1 

S.01001100 ↓ ↑ ↓ ↓ ↑ ↑ ↓ ↓ 38.5 5.0 0.1 1.1 

S.00110001 ↓ ↓ ↑ ↑ ↓ ↓ ↓ ↑ 39.6 7.0 0.1 1.1 

S.00011001 ↓ ↓ ↓ ↑ ↑ ↓ ↓ ↑ 24.7 4.9 0.0 1.1 

S.01100010 ↓ ↑ ↑ ↓ ↓ ↓ ↑ ↓ 33.3 7.0 0.1 1.1 

S.00111110 ↓ ↓ ↑ ↑ ↑ ↑ ↑ ↓ 26.8 3.1 0.0 1.1 

S.00101111 ↓ ↓ ↑ ↓ ↑ ↑ ↑ ↑ 26.0 -3.0 0.1 1.1 

S.00101100 ↓ ↓ ↑ ↓ ↑ ↑ ↓ ↓ 14.1 7.0 0.1 1.1 
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S.00011101 ↓ ↓ ↓ ↑ ↑ ↑ ↓ ↑ 0.0 -1.0 0.1 1.1 

S.00110111 ↓ ↓ ↑ ↑ ↓ ↑ ↑ ↑ 33.0 -3.0 0.0 1.1 

S.01011100 ↓ ↑ ↓ ↑ ↑ ↑ ↓ ↓ 0.0 1.0 0.1 1.1 

S.01010100 ↓ ↑ ↓ ↑ ↓ ↑ ↓ ↓ 37.0 5.0 0.1 1.1 

S.01110110 ↓ ↑ ↑ ↑ ↓ ↑ ↑ ↓ 0.0 -1.0 0.1 1.1 

S.00111010 ↓ ↓ ↑ ↑ ↑ ↓ ↑ ↓ 0.0 -1.0 0.1 1.1 

S.01110011 ↓ ↑ ↑ ↑ ↓ ↓ ↑ ↑ 18.8 -5.0 0.1 1.2 

S.00100110 ↓ ↓ ↑ ↓ ↓ ↑ ↑ ↓ 22.5 9.0 0.1 1.2 

S.01000111 ↓ ↑ ↓ ↓ ↓ ↑ ↑ ↑ 31.0 3.0 0.1 1.2 

S.01100110 ↓ ↑ ↑ ↓ ↓ ↑ ↑ ↓ 14.2 3.0 0.1 1.2 

S.00101110 ↓ ↓ ↑ ↓ ↑ ↑ ↑ ↓ 23.0 3.0 0.1 1.2 

S.01010011 ↓ ↑ ↓ ↑ ↓ ↓ ↑ ↑ 0.0 -1.0 0.1 1.2 

S.01010110 ↓ ↑ ↓ ↑ ↓ ↑ ↑ ↓ 0.0 1.0 0.1 1.2 

S.01000110 ↓ ↑ ↓ ↓ ↓ ↑ ↑ ↓ 22.5 9.0 0.1 1.2 

S.01110010 ↓ ↑ ↑ ↑ ↓ ↓ ↑ ↓ 0.0 1.0 0.1 1.2 

S.00011111 ↓ ↓ ↓ ↑ ↑ ↑ ↑ ↑ 34.6 5.0 0.0 1.3 

S.01001110 ↓ ↑ ↓ ↓ ↑ ↑ ↑ ↓ 12.7 3.0 0.1 1.3 

S.00110011 ↓ ↓ ↑ ↑ ↓ ↓ ↑ ↑ 0.0 1.0 0.1 1.3 

S.00111011 ↓ ↓ ↑ ↑ ↑ ↓ ↑ ↑ 35.8 5.2 0.0 1.3 

S.01011011 ↓ ↑ ↓ ↑ ↑ ↓ ↑ ↑ 29.9 6.1 0.0 1.4 

 

The spin ordering of Mn atoms in the cluster are arranged according to their energy as shown in 

the table above. The lowest 10 different spin ordering of the cluster are selected and again optimized by 

running several iteration in order to find the lower energy clusters compare to the ferromagnetic one. 

These optimized clusters are again investigated by computing MAE, M.M, H-L gap and E-EFM which are 

shown in the table below. 
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Table 3.18: Data for the first 10 lower energy spin ordering of the As@Ni4Mn8@As20 cluster 

Systems MAE (K) M.M 𝝁𝑩 H-L gap (eV) E-EFM (eV) 

S.00000010 ↓ ↓ ↓ ↓ ↓ ↓ ↑ ↓ 21.4 15.0 0.2 0.1 

S.00001010 ↓ ↓ ↓ ↓ ↑ ↓ ↑ ↓ 16.9 9.0 0.1 0.2 

S.00010000 ↓ ↓ ↓ ↑ ↓ ↓ ↓ ↓ 27.1 15.0 0.1 0.3 

S.00010001 ↓ ↓ ↓ ↑ ↓ ↓ ↓ ↑ 14.7 9.0 0.1 0.4 

S.00011000 ↓ ↓ ↓ ↑ ↑ ↓ ↓ ↓ 20.5 9.0 0.1 0.4 

S.00100000 ↓ ↓ ↑ ↓ ↓ ↓ ↓ ↓ 30.7 17.0 0.2 0.4 

S.00000001 ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↑ 32.2 15.0 0.1 0.6 

S.00000011 ↓ ↓ ↓ ↓ ↓ ↓ ↑ ↑ 19.6 9.0 0.1 0.1 

S.00001000 ↓ ↓ ↓ ↓ ↑ ↓ ↓ ↓ 18.1 15.0 0.2 0.2 

 

 It is evident that all the clusters with different spin orientation of the Mn atoms investigated in the 

above table have the larger energy then the ferromagnetic one. So it can be concluded that ferromagnetic 

spin ordering is the most favorable one for the As@Ni5Mn7@As20 system with magnetic anisotropy 

energy 25.19 K. 

3.9: As@Ni3Mn9@As20 

In the parent As@Ni12@As20 system nine Mn atoms are doped by replacing any nine of the 12 

Ni atoms. There are 12 unique possible resultant structures of the As@Ni3Mn9@As20 system. The 

optimized structure of As@Ni4Mn8@As20 is shown in the figure below. 

 

Figure 3.14: All possible combination of As@Ni3Mn9@As20 cluster according to their energy. 
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It is evident from the figure that As20 cage is broken from the parent molecule. Due to the presence 

of the Mn atoms in the above structures near the Mn atom the As-As bond is varied, ranging from 3.36 Å 

to 2.46 Å. On an average the As-As bond length is increased by 0.02 Å compared to As20 cage in As21Ni12 

system. 

The net spin moment and HOMO-LUMO gap of all the above structures are calculated. Due to the 

breaking of symmetry, the resulting magnetic anisotropy compared to the parent cluster become larger. 

Average bond lengths of As-As, Ni-Ni, As-Ni, As-Mn, Ni-Mn in the whole clusters are also computed. In 

the table below all the detailed information are given. 

Table 3.19: Data for all possible combination of As@Ni3Mn9@As20 cluster. 

Systems 

 H-L 

gap  

(eV)  

M.M 

 𝝁𝑩 

M.A.E 

(K) 

 

 

As-

As 

Å 

 

 

As-

Ni 

Å 

 

 

Ni-

Mn 

Å 

 

 

As-

Mn 

Å 

 

 

Mn-

Mn 

Å 

 

 

Ni-

Ni 

Å 

Energy 

(Hartee) 

As21Ni3Mn9_0 0.27 20 32.68 

 

2.69 

 

2.45 

 

2.76 

 

2.50 

 

2.67 

 

2.63 -61831.18229 

As21Ni3Mn9_1 0.26 18 13.41 

 

2.80 

 

2.45 

 

2.68 

 

2.47 

 

2.66 

 

2.75 -61831.17975 

As21Ni3Mn9_2 0.20 20 12.03 

 

2.65 

 

2.45 

 

2.75 

 

2.51 

 

2.67 

 

2.60 -61831.17821 

As21Ni3Mn9_3 0.21 20 12.38 

 

2.65 

 

2.45 

 

2.75 

 

2.50 

 

2.67 

 

2.60 -61831.17285 

As21Ni3Mn9_4 0.17 18 24.43 

 

2.71 

 

2.45 

 

2.73 

 

2.49 

 

2.67 

 

2.70 -61831.17235 

As21Ni3Mn9_5 0.01 20 24.13 

 

2.69 

 

2.45 

 

2.74 

 

2.50 

 

2.67 

 

2.65 -61831.16776 

As21Ni3Mn9_6 0.22 20 18.41 

 

2.70 

 

2.46 

 

2.74 

 

2.50 

 

2.68 

 

---- -61831.1675 

As21Ni3Mn9_7 0.02 18 21.59 

 

2.72 

 

2.46 

 

2.74 

 

2.49 

 

2.68 

 

2.64 -61831.16325 

As21Ni3Mn9_8 0.06 20 20.20 

 

2.70 

 

2.46 

 

2.74 

 

2.49 

 

2.67 

 

2.65 -61831.15534 

As21Ni3Mn9_9 0 12 25.53 

 

2.78 

 

2.48 

 

2.72 

 

2.48 

 

2.66 

 

---- -61831.13599 
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In the above table the most favorable (lowest energy) cluster is found to be As21Ni3Mn9_0 which 

is indicated by red color. It can be noted that the As21Ni3Mn9_5, As21Ni3Mn9_7 systems have very small/no 

gap between the HOMO and LUMO. So that these clusters can be considered as metallic systems. 

3.9.1: Ferrimagnetic Investigation of As@Ni3Mn9@As20 

In the As@Ni3Mn9@As20 cluster it is evident that there are nine Mn atoms. The most favorable 

ferromagnetic cluster (As21Ni3Mn9_0) from the above table is chosen for studying different spin ordering 

of the Mn atoms.   All the possible spin ordering of the Mn atoms in this cluster are studied and the 

corresponding Magnetic Anisotropy Energy (MAE), Magnetic Moment (M.M), HOMO-LUMO gap (H-

L gap) and the deviation in energy from the ferromagnetic (As21Ni4Mn8_1) cluster is also computed. 

Table 3.20: Data for different spin configuration of Mn atom in As21Ni3Mn9_0 system 

Systems MAE (K) M.M 𝝁𝑩 H-L gap E-EFM (eV) 

S.000000000 ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ 29.7 20.0 0.3 0.1 

S.000000100 ↓ ↓ ↓ ↓ ↓ ↓ ↑ ↓ ↓ 34.1 18.0 0.2 0.2 

S.000100000 ↓ ↓ ↓ ↑ ↓ ↓ ↓ ↓ ↓ 15.7 14.0 0.2 0.2 

S.011001111 ↓ ↑ ↑ ↓ ↓ ↑ ↑ ↑ ↑ 25.2 6.0 0.3 0.2 

S.010100000 ↓ ↑ ↓ ↑ ↓ ↓ ↓ ↓ ↓ 9.7 10.0 0.2 0.2 

S.000100100 ↓ ↓ ↓ ↑ ↓ ↓ ↑ ↓ ↓ 21.7 12.0 0.2 0.3 

S.001000000 ↓ ↓ ↑ ↓ ↓ ↓ ↓ ↓ ↓ 18.9 16.0 0.1 0.3 

S.000000001 ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↑ 42.5 18.0 0.1 0.3 

S.001000100 ↓ ↓ ↑ ↓ ↓ ↓ ↑ ↓ ↓ 16.6 14.0 0.2 0.3 

S.000000010 ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↑ ↓ 29.6 18.0 0.1 0.3 

S.000010000 ↓ ↓ ↓ ↓ ↑ ↓ ↓ ↓ ↓ 5.0 16.0 0.1 0.3 

S.010101000 ↓ ↑ ↓ ↑ ↓ ↑ ↓ ↓ ↓ 9.6 6.0 0.1 0.3 
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S.000001000 ↓ ↓ ↓ ↓ ↓ ↑ ↓ ↓ ↓ 38.1 16.0 0.1 0.3 

S.011101011 ↓ ↑ ↑ ↑ ↓ ↑ ↓ ↑ ↑ 11.2 6.0 0.1 0.3 

S.011001101 ↓ ↑ ↑ ↓ ↓ ↑ ↑ ↓ ↑ 28.1 2.0 0.1 0.4 

S.010100100 ↓ ↑ ↓ ↑ ↓ ↓ ↑ ↓ ↓ 28.4 6.0 0.2 0.4 

S.010101001 ↓ ↑ ↓ ↑ ↓ ↑ ↓ ↓ ↑ 9.2 2.0 0.1 0.4 

S.011101110 ↓ ↑ ↑ ↑ ↓ ↑ ↑ ↑ ↓ 22.3 6.0 0.1 0.4 

S.011101101 ↓ ↑ ↑ ↑ ↓ ↑ ↑ ↓ ↑ 32.9 6.1 0.0 0.4 

S.011111101 ↓ ↑ ↑ ↑ ↑ ↑ ↑ ↓ ↑ 23.5 12.0 0.2 0.4 

S.000100010 ↓ ↓ ↓ ↑ ↓ ↓ ↓ ↑ ↓ 28.2 12.0 0.2 0.4 

S.011101001 ↓ ↑ ↑ ↑ ↓ ↑ ↓ ↓ ↑ 19.5 2.4 0.0 0.4 

S.011001011 ↓ ↑ ↑ ↓ ↓ ↑ ↓ ↑ ↑ 36.9 0.0 0.1 0.4 

S.011000000 ↓ ↑ ↑ ↓ ↓ ↓ ↓ ↓ ↓ 13.2 12.0 0.1 0.4 

S.000110000 ↓ ↓ ↓ ↑ ↑ ↓ ↓ ↓ ↓ 19.5 12.0 0.1 0.4 

S.001000101 ↓ ↓ ↑ ↓ ↓ ↓ ↑ ↓ ↑ 2.1 8.0 0.1 0.4 

S.000000110 ↓ ↓ ↓ ↓ ↓ ↓ ↑ ↑ ↓ 14.2 14.0 0.1 0.4 

S.011100100 ↓ ↑ ↑ ↑ ↓ ↓ ↑ ↓ ↓ 26.4 2.0 0.1 0.4 

S.000101100 ↓ ↓ ↓ ↑ ↓ ↑ ↑ ↓ ↓ 34.8 6.0 0.2 0.4 

S.001001101 ↓ ↓ ↑ ↓ ↓ ↑ ↑ ↓ ↑ 10.0 4.0 0.2 0.4 

S.000000101 ↓ ↓ ↓ ↓ ↓ ↓ ↑ ↓ ↑ 20.2 14.0 0.1 0.4 

S.000001011 ↓ ↓ ↓ ↓ ↓ ↑ ↓ ↑ ↑ 18.7 8.0 0.1 0.4 

S.011000100 ↓ ↑ ↑ ↓ ↓ ↓ ↑ ↓ ↓ 25.0 8.0 0.1 0.5 

S.010111000 ↓ ↑ ↓ ↑ ↑ ↑ ↓ ↓ ↓ 19.5 2.0 0.2 0.5 

S.000010001 ↓ ↓ ↓ ↓ ↑ ↓ ↓ ↓ ↑ 40.7 14.0 0.1 0.5 
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S.010101010 ↓ ↑ ↓ ↑ ↓ ↑ ↓ ↑ ↓ 11.8 2.0 0.1 0.5 

S.010100010 ↓ ↑ ↓ ↑ ↓ ↓ ↓ ↑ ↓ 5.2 8.0 0.1 0.5 

S.000101000 ↓ ↓ ↓ ↑ ↓ ↑ ↓ ↓ ↓ 11.9 12.0 0.1 0.5 

S.010000000 ↓ ↑ ↓ ↓ ↓ ↓ ↓ ↓ ↓ 11.6 16.0 0.1 0.5 

S.010100001 ↓ ↑ ↓ ↑ ↓ ↓ ↓ ↓ ↑ 10.3 8.0 0.1 0.6 

S.011100001 ↓ ↑ ↑ ↑ ↓ ↓ ↓ ↓ ↑ 21.4 2.0 0.1 0.6 

S.011111110 ↓ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↓ 2.6 10.0 0.1 0.6 

S.010000100 ↓ ↑ ↓ ↓ ↓ ↓ ↑ ↓ ↓ 24.7 12.0 0.2 0.6 

S.010111001 ↓ ↑ ↓ ↑ ↑ ↑ ↓ ↓ ↑ 6.7 2.0 0.1 0.6 

S.011101010 ↓ ↑ ↑ ↑ ↓ ↑ ↓ ↑ ↓ 14.6 2.0 0.0 0.6 

S.011001000 ↓ ↑ ↑ ↓ ↓ ↑ ↓ ↓ ↓ 9.0 8.0 0.1 0.6 

S.010101110 ↓ ↑ ↓ ↑ ↓ ↑ ↑ ↑ ↓ 7.4 2.0 0.1 0.6 

S.011100101 ↓ ↑ ↑ ↑ ↓ ↓ ↑ ↓ ↑ 24.8 2.4 0.0 0.6 

S.011001010 ↓ ↑ ↑ ↓ ↓ ↑ ↓ ↑ ↓ 9.3 4.0 0.2 0.6 

S.011100010 ↓ ↑ ↑ ↑ ↓ ↓ ↓ ↑ ↓ 6.0 2.0 0.1 0.6 

S.011000111 ↓ ↑ ↑ ↓ ↓ ↓ ↑ ↑ ↑ 26.6 0.0 0.1 0.6 

S.001001100 ↓ ↓ ↑ ↓ ↓ ↑ ↑ ↓ ↓ 12.0 8.0 0.1 0.6 

S.000101011 ↓ ↓ ↓ ↑ ↓ ↑ ↓ ↑ ↑ 38.1 4.0 0.1 0.6 

S.001010111 ↓ ↓ ↑ ↓ ↑ ↓ ↑ ↑ ↑ 15.4 2.0 0.2 0.6 

S.010001001 ↓ ↑ ↓ ↓ ↓ ↑ ↓ ↓ ↑ 27.3 8.0 0.1 0.6 

S.000010110 ↓ ↓ ↓ ↓ ↑ ↓ ↑ ↑ ↓ 10.9 8.0 0.2 0.6 

S.010000001 ↓ ↑ ↓ ↓ ↓ ↓ ↓ ↓ ↑ 24.4 14.0 0.1 0.6 

S.011111100 ↓ ↑ ↑ ↑ ↑ ↑ ↑ ↓ ↓ 27.4 6.0 0.1 0.6 
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S.011100111 ↓ ↑ ↑ ↑ ↓ ↓ ↑ ↑ ↑ 31.1 6.0 0.1 0.6 

S.000011001 ↓ ↓ ↓ ↓ ↑ ↑ ↓ ↓ ↑ 26.8 10.0 0.1 0.6 

S.001101101 ↓ ↓ ↑ ↑ ↓ ↑ ↑ ↓ ↑ 15.7 2.0 0.2 0.6 

S.011000110 ↓ ↑ ↑ ↓ ↓ ↓ ↑ ↑ ↓ 2.2 4.0 0.1 0.6 

S.001001011 ↓ ↓ ↑ ↓ ↓ ↑ ↓ ↑ ↑ 31.9 4.0 0.1 0.6 

S.010001011 ↓ ↑ ↓ ↓ ↓ ↑ ↓ ↑ ↑ 13.6 4.0 0.0 0.6 

S.010001111 ↓ ↑ ↓ ↓ ↓ ↑ ↑ ↑ ↑ 7.4 2.0 0.2 0.6 

S.000111001 ↓ ↓ ↓ ↑ ↑ ↑ ↓ ↓ ↑ 7.8 2.0 0.1 0.6 

S.001001001 ↓ ↓ ↑ ↓ ↓ ↑ ↓ ↓ ↑ 18.9 10.0 0.1 0.6 

S.011000011 ↓ ↑ ↑ ↓ ↓ ↓ ↓ ↑ ↑ 24.9 4.0 0.1 0.6 

S.011100110 ↓ ↑ ↑ ↑ ↓ ↓ ↑ ↑ ↓ 36.5 2.0 0.1 0.6 

S.000000111 ↓ ↓ ↓ ↓ ↓ ↓ ↑ ↑ ↑ 19.7 8.0 0.1 0.6 

S.011110100 ↓ ↑ ↑ ↑ ↑ ↓ ↑ ↓ ↓ 29.7 2.4 0.0 0.6 

S.011010101 ↓ ↑ ↑ ↓ ↑ ↓ ↑ ↓ ↑ 5.7 0.0 0.1 0.6 

S.010010000 ↓ ↑ ↓ ↓ ↑ ↓ ↓ ↓ ↓ 17.9 12.0 0.1 0.6 

S.010000010 ↓ ↑ ↓ ↓ ↓ ↓ ↓ ↑ ↓ 17.2 14.0 0.1 0.6 

S.000001110 ↓ ↓ ↓ ↓ ↓ ↑ ↑ ↑ ↓ 15.7 8.0 0.1 0.6 

S.001011101 ↓ ↓ ↑ ↓ ↑ ↑ ↑ ↓ ↑ 33.2 0.0 0.1 0.6 

S.011010100 ↓ ↑ ↑ ↓ ↑ ↓ ↑ ↓ ↓ 2.3 4.0 0.1 0.6 

S.000100110 ↓ ↓ ↓ ↑ ↓ ↓ ↑ ↑ ↓ 35.1 8.0 0.1 0.6 

S.001110100 ↓ ↓ ↑ ↑ ↑ ↓ ↑ ↓ ↓ 19.6 4.0 0.2 0.6 

S.000101110 ↓ ↓ ↓ ↑ ↓ ↑ ↑ ↑ ↓ 21 4 0 1 

S.001000011 ↓ ↓ ↑ ↓ ↓ ↓ ↓ ↑ ↑ 15 8 0 1 



 58 

S.010001000 ↓ ↑ ↓ ↓ ↓ ↑ ↓ ↓ ↓ 27 14 0 1 

S.011011001 ↓ ↑ ↑ ↓ ↑ ↑ ↓ ↓ ↑ 32 -2 0 1 

S.010111111 ↓ ↑ ↓ ↑ ↑ ↑ ↑ ↑ ↑ 16 -10 0 1 

S.001001010 ↓ ↓ ↑ ↓ ↓ ↑ ↓ ↑ ↓ 27 8 0 1 

S.010100011 ↓ ↑ ↓ ↑ ↓ ↓ ↓ ↑ ↑ 40 4 0 1 

S.011001100 ↓ ↑ ↑ ↓ ↓ ↑ ↑ ↓ ↓ 9 4 0 1 

S.001010001 ↓ ↓ ↑ ↓ ↑ ↓ ↓ ↓ ↑ 11 10 0 1 

S.010111010 ↓ ↑ ↓ ↑ ↑ ↑ ↓ ↑ ↓ 13 -2 0 1 

S.011110000 ↓ ↑ ↑ ↑ ↑ ↓ ↓ ↓ ↓ 25 4 0 1 

S.011100011 ↓ ↑ ↑ ↑ ↓ ↓ ↓ ↑ ↑ 44 -2 0 1 

S.011111011 ↓ ↑ ↑ ↑ ↑ ↑ ↓ ↑ ↑ 13 -8 0 1 

S.000100101 ↓ ↓ ↓ ↑ ↓ ↓ ↑ ↓ ↑ 16 8 0 1 

S.001010110 ↓ ↓ ↑ ↓ ↑ ↓ ↑ ↑ ↓ 12 4 0 1 

S.010111011 ↓ ↑ ↓ ↑ ↑ ↑ ↓ ↑ ↑ 15 -6 0 1 

S.000111101 ↓ ↓ ↓ ↑ ↑ ↑ ↑ ↓ ↑ 1 0 0 1 

S.010100101 ↓ ↑ ↓ ↑ ↓ ↓ ↑ ↓ ↑ 31 4 0 1 

S.011001110 ↓ ↑ ↑ ↓ ↓ ↑ ↑ ↑ ↓ 23 2 0 1 

S.001110000 ↓ ↓ ↑ ↑ ↑ ↓ ↓ ↓ ↓ 18 8 0 1 

S.011011011 ↓ ↑ ↑ ↓ ↑ ↑ ↓ ↑ ↑ 31 -4 0 1 

S.000011011 ↓ ↓ ↓ ↓ ↑ ↑ ↓ ↑ ↑ 21 4 0 1 

S.011010001 ↓ ↑ ↑ ↓ ↑ ↓ ↓ ↓ ↑ 17 4 0 1 

S.000010101 ↓ ↓ ↓ ↓ ↑ ↓ ↑ ↓ ↑ 15 10 0 1 

S.001111111 ↓ ↓ ↑ ↑ ↑ ↑ ↑ ↑ ↑ 22 -10 0 1 
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S.011010000 ↓ ↑ ↑ ↓ ↑ ↓ ↓ ↓ ↓ 29 10 0 1 

S.010100110 ↓ ↑ ↓ ↑ ↓ ↓ ↑ ↑ ↓ 16 4 0 1 

S.000110001 ↓ ↓ ↓ ↑ ↑ ↓ ↓ ↓ ↑ 4 6 0 1 

S.001101001 ↓ ↓ ↑ ↑ ↓ ↑ ↓ ↓ ↑ 13 2 0 1 

S.000111000 ↓ ↓ ↓ ↑ ↑ ↑ ↓ ↓ ↓ 8 10 0 1 

S.010100111 ↓ ↑ ↓ ↑ ↓ ↓ ↑ ↑ ↑ 38 0 0 1 

S.010001101 ↓ ↑ ↓ ↓ ↓ ↑ ↑ ↓ ↑ 17 4 0 1 

S.010111101 ↓ ↑ ↓ ↑ ↑ ↑ ↑ ↓ ↑ 9 -4 0 1 

S.000011111 ↓ ↓ ↓ ↓ ↑ ↑ ↑ ↑ ↑ 13 0 0 1 

S.001101000 ↓ ↓ ↑ ↑ ↓ ↑ ↓ ↓ ↓ 12 8 0 1 

S.000100011 ↓ ↓ ↓ ↑ ↓ ↓ ↓ ↑ ↑ 38 8 0 1 

S.000111111 ↓ ↓ ↓ ↑ ↑ ↑ ↑ ↑ ↑ 2 -4 0 1 

S.001011011 ↓ ↓ ↑ ↓ ↑ ↑ ↓ ↑ ↑ 37 0 0 1 

S.000110010 ↓ ↓ ↓ ↑ ↑ ↓ ↓ ↑ ↓ 14 6 0 1 

S.000111100 ↓ ↓ ↓ ↑ ↑ ↑ ↑ ↓ ↓ 23 4 0 1 

S.000111011 ↓ ↓ ↓  ↑  ↑  ↑ ↓  ↑  ↑ 20.0 2.0 0.1 0.8 

S.001100001 ↓ ↓  ↑  ↑ ↓ ↓ ↓ ↓  ↑ 35.5 6.0 0.1 0.8 

S.011110001 ↓  ↑  ↑  ↑  ↑ ↓ ↓ ↓  ↑ 39.1 2.0 0.1 0.8 

S.000011010 ↓ ↓ ↓ ↓  ↑  ↑ ↓  ↑ ↓ 31.0 8.0 0.2 0.8 

S.010000101 ↓  ↑ ↓ ↓ ↓ ↓  ↑ ↓  ↑ 21.6 8.0 0.1 0.8 

S.010010001 ↓  ↑ ↓ ↓  ↑ ↓ ↓ ↓  ↑ 21.3 8.0 0.2 0.8 

S.001011000 ↓ ↓  ↑ ↓  ↑  ↑ ↓ ↓ ↓ 25.8 8.0 0.1 0.8 

S.011010110 ↓  ↑  ↑ ↓  ↑ ↓  ↑  ↑ ↓ 19.6 2.0 0.2 0.8 
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S.001101100 ↓ ↓  ↑  ↑ ↓  ↑  ↑ ↓ ↓ 8.9 4.0 0.1 0.8 

S.010001010 ↓  ↑ ↓ ↓ ↓  ↑ ↓  ↑ ↓ 47.9 9.9 0.0 0.8 

S.000011101 ↓ ↓ ↓ ↓  ↑  ↑  ↑ ↓  ↑ 9.5 6.0 0.1 0.8 

S.001100010 ↓ ↓  ↑  ↑ ↓ ↓ ↓  ↑ ↓ 29.3 6.0 0.1 0.8 

S.001001110 ↓ ↓  ↑ ↓ ↓  ↑  ↑  ↑ ↓ 45.8 5.6 0.0 0.8 

S.001010010 ↓ ↓  ↑ ↓  ↑ ↓ ↓  ↑ ↓ 1.4 8.0 0.1 0.8 

S.000010111 ↓ ↓ ↓ ↓  ↑ ↓  ↑  ↑  ↑ 7.0 4.0 0.1 0.8 

S.010011011 ↓  ↑ ↓ ↓  ↑  ↑ ↓  ↑  ↑ 24.0 2.0 0.2 0.8 

S.001111101 ↓ ↓  ↑  ↑  ↑  ↑  ↑ ↓  ↑ 17.3 4.0 0.1 0.8 

S.010110100 ↓  ↑ ↓  ↑  ↑ ↓  ↑ ↓ ↓ 6.6 6.0 0.1 0.8 

S.010011001 ↓  ↑ ↓ ↓  ↑  ↑ ↓ ↓  ↑ 16.3 4.0 0.1 0.8 

S.010111100 ↓  ↑ ↓  ↑  ↑  ↑  ↑ ↓ ↓ 7.7 0.0 0.1 0.8 

S.010011000 ↓  ↑ ↓ ↓  ↑  ↑ ↓ ↓ ↓ 33.8 8.0 0.1 0.8 

S.001100101 ↓ ↓  ↑  ↑ ↓ ↓  ↑ ↓  ↑ 42.4 4.0 0.1 0.8 

S.000010011 ↓ ↓ ↓ ↓  ↑ ↓ ↓  ↑  ↑ 40.0 10.0 0.1 0.8 

S.010110010 ↓  ↑ ↓  ↑  ↑ ↓ ↓  ↑ ↓ 17.9 2.0 0.1 0.8 

S.001011001 ↓ ↓  ↑ ↓  ↑  ↑ ↓ ↓  ↑ 11.6 6.0 0.1 0.8 

S.000100111 ↓ ↓ ↓  ↑ ↓ ↓  ↑  ↑  ↑ 28.6 4.0 0.1 0.8 

S.000011100 ↓ ↓ ↓ ↓  ↑  ↑  ↑ ↓ ↓ 30.1 10.0 0.1 0.8 

S.011010111 ↓ ↑  ↑ ↓  ↑ ↓  ↑  ↑  ↑ 14.7 4.0 0.0 0.8 

S.011111010 ↓ ↑  ↑  ↑  ↑  ↑ ↓  ↑ ↓ 14.9 4.0 0.1 0.8 

S.010000011 ↓  ↑ ↓ ↓ ↓ ↓ ↓  ↑  ↑ 49.1 10.0 0.1 0.8 

S.000111010 ↓ ↓ ↓  ↑  ↑  ↑ ↓  ↑ ↓ 14.3 4.0 0.1 0.8 
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S.010111110 ↓  ↑ ↓  ↑  ↑  ↑  ↑  ↑ ↓ 19.0 4.4 0.0 0.8 

S.010011111 ↓  ↑ ↓ ↓  ↑  ↑  ↑  ↑  ↑ 23.0 4.0 0.1 0.8 

S.001101110 ↓ ↓  ↑  ↑ ↓  ↑  ↑  ↑ ↓ 17.8 0.0 0.1 0.8 

S.010000110 ↓  ↑ ↓ ↓ ↓ ↓  ↑  ↑ ↓ 8.4 8.0 0.1 0.8 

S.001110101 ↓ ↓  ↑  ↑  ↑ ↓  ↑ ↓  ↑ 12.3 2.0 0.1 0.8 

S.001100110 ↓ ↓  ↑  ↑ ↓ ↓  ↑  ↑ ↓ 30.4 4.0 0.1 0.8 

S.001011100 ↓ ↓  ↑ ↓  ↑  ↑  ↑ ↓ ↓ 30.8 5.5 0.0 0.8 

S.011011000 ↓  ↑  ↑ ↓  ↑  ↑ ↓ ↓ ↓ 23.9 4.0 0.1 0.9 

S.001100111 ↓ ↓  ↑  ↑ ↓ ↓  ↑  ↑  ↑ 26.0 0.0 0.1 0.9 

S.001101011 ↓  ↓  ↑ ↑ ↓  ↑ ↓  ↑ ↑ 42.9 0.0 0.1 0.9 

S.010110001 ↓  ↑ ↓  ↑ ↑ ↓  ↓  ↓  ↑ 30.8 4.0 0.0 0.9 

S.010001100 ↓  ↑ ↓  ↓  ↓  ↑ ↑ ↓  ↓ 29.5 8.0 0.1 0.9 

S.011011100 ↓  ↑ ↑ ↓  ↑ ↑ ↑ ↓  ↓ 12.1 0.0 0.1 0.9 

S.001101010 ↓  ↓  ↑ ↑ ↓  ↑ ↓  ↑ ↓ 10.2 4.0 0.0 0.9 

S.000110101 ↓  ↓  ↓  ↑ ↑ ↓  ↑ ↓  ↑ 14.8 4.0 0.1 0.9 

S.000111110 ↓  ↓  ↓  ↑ ↑ ↑ ↑ ↑ ↓ 18.6 0.0 0.1 0.9 

S.011011110 ↓  ↑ ↑ ↓  ↑ ↑ ↑ ↑ ↓ 8.0 4.0 0.1 0.9 

S.001011110 ↓  ↓  ↑ ↓  ↑ ↑ ↑ ↑ ↓ 31.9 0.0 0.1 0.9 

S.001111100 ↓  ↓  ↑ ↑ ↑ ↑ ↑ ↓  ↓ 18.9 0.0 0.1 0.9 

S.000011110 ↓  ↓  ↓  ↓  ↑ ↑ ↑ ↑ ↓ 30.9 6.0 0.1 0.9 

S.010110101 ↓  ↑ ↓  ↑ ↑ ↓  ↑ ↓  ↑ 33.9 0.0 0.1 0.9 

S.000110110 ↓  ↓  ↓  ↑ ↑ ↓  ↑ ↑ ↓ 13.8 3.8 0.0 0.9 

S.010010100 ↓  ↑ ↓  ↓  ↑ ↓  ↑ ↓  ↓ 8.7 10.0 0.1 0.9 
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S.010110110 ↓  ↑ ↓  ↑ ↑ ↓  ↑ ↑ ↓ 14.8 2.0 0.2 0.9 

S.010001110 ↓  ↑ ↓  ↓  ↓  ↑ ↑ ↑ ↓ 26.8 6.0 0.1 0.9 

S.010000111 ↓  ↑ ↓  ↓  ↓  ↓  ↑ ↑ ↑ 33.0 6.0 0.1 0.9 

S.001111000 ↓  ↓  ↑ ↑ ↑ ↑ ↓  ↓  ↓ 21.1 4.0 0.1 0.9 

S.001111110 ↓  ↓  ↑ ↑ ↑ ↑ ↑ ↑ ↓ 16.0 4.0 0.1 0.9 

S.001110110 ↓  ↓  ↑ ↑ ↑ ↓  ↑ ↑ ↓ 17.8 2.0 0.1 0.9 

S.001111001 ↓  ↓  ↑ ↑ ↑ ↑ ↓  ↓  ↑ 5.1 0.0 0.1 0.9 

S.011010010 ↓  ↑ ↑ ↓  ↑ ↓  ↓  ↑ ↓ 8.2 3.2 0.0 1.0 

S.001011010 ↓  ↓  ↑ ↓  ↑ ↑ ↓  ↑ ↓ 26.5 4.0 0.1 1.0 

S.011010011 ↓  ↑ ↑ ↓  ↑ ↓  ↓  ↑ ↑ 25.4 2.0 0.1 1.0 

S.011011010 ↓  ↑ ↑ ↓  ↑ ↑ ↓  ↑ ↓ 25.9 0.0 0.1 1.0 

S.001010011 ↓  ↓  ↑ ↓  ↑ ↓  ↓  ↑ ↑ 47.5 6.0 0.1 1.0 

S.001110001 ↓  ↓  ↑ ↑ ↑ ↓  ↓  ↓  ↑ 16.6 2.0 0.2 1.0 

S.010010010 ↓  ↑ ↓  ↓  ↑ ↓  ↓  ↑ ↓ 32.8 10.0 0.1 1.0 

S.010011010 ↓  ↑ ↓  ↓  ↑ ↑ ↓  ↑ ↓ 13.4 4.0 0.1 1.0 

S.010011101 ↓  ↑ ↓  ↓  ↑ ↑ ↑ ↓  ↑ 11.1 2.0 0.1 1.0 

S.001100011 ↓  ↓  ↑ ↑ ↓  ↓  ↓  ↑ ↑ 46.7 4.0 0.1 1.0 

S.000110111 ↓  ↓  ↓  ↑ ↑ ↓  ↑ ↑ ↑ 3.8 2.0 0.1 1.0 

S.011110011 ↓  ↑ ↑ ↑ ↑ ↓  ↓  ↑ ↑ 44.2 4.0 0.1 1.0 

S.010110011 ↓  ↑ ↓  ↑ ↑ ↓  ↓  ↑ ↑ 62.1 0.0 0.1 1.0 

S.010010101 ↓  ↑ ↓  ↓  ↑ ↓  ↑ ↓  ↑ 16.1 6.0 0.1 1.0 

S.010110111 ↓  ↑ ↓  ↑ ↑ ↓  ↑ ↑ ↑ 28.0 4.0 0.0 1.1 

S.001111011 ↓  ↓  ↑ ↑ ↑ ↑ ↓  ↑ ↑ 20.9 4.0 0.1 1.1 



 63 

S.001110111 ↓  ↓  ↑ ↑ ↑ ↓  ↑ ↑ ↑ 9.2 4.3 0.0 1.1 

S.001111010 ↓  ↓  ↑ ↑ ↑ ↑ ↓  ↑ ↓ 12.7 0.0 0.1 1.1 

S.010010011 ↓  ↑ ↓  ↓  ↑ ↓  ↓  ↑ ↑ 19.2 4.0 0.1 1.1 

S.001110010 ↓  ↓  ↑ ↑ ↑ ↓  ↓  ↑ ↓ 28.3 4.0 0.1 1.1 

S.000110011 ↓  ↓  ↓  ↑ ↑ ↓  ↓  ↑ ↑ 19.7 4.0 0.1 1.1 

S.010011110 ↓  ↑ ↓  ↓  ↑ ↑ ↑ ↑ ↓ 12.0 0.0 0.1 1.1 

S.010011100 ↓  ↑ ↓  ↓  ↑ ↑ ↑ ↓  ↓ 5.6 6.0 0.1 1.1 

S.010010110 ↓  ↑ ↓  ↓  ↑ ↓  ↑ ↑ ↓ 10.2 6.0 0.1 1.2 

S.010010111 ↓  ↑ ↓  ↓  ↑ ↓  ↑ ↑ ↑ 27.0 2.0 0.1 1.2 

S.001110011 ↓  ↓  ↑ ↑ ↑ ↓  ↓  ↑ ↑ 31.3 0.0 0.1 1.3 

The spin ordering of Mn atoms in the cluster are arranged according to their energy as shown in 

the table above. The first 10 cluster with different spin ordering are selected and again optimized by 

running several iteration in order to find the lower energy clusters compare to the ferromagnetic one. 

These optimized clusters are again investigated by computing MAE, M.M, H-L gap and E-EFM which are 

shown in the table below. 

Table 3.21: Data for the lowest ten spin ordering of the As@Ni3Mn9@As20 cluster 

Systems MAE (K) M.M H-L gap E-EFM (eV) 

S.011001111 ↓  ↑  ↑ ↓ ↓  ↑  ↑  ↑  ↑ 23.2 6.0 0.4 -0.4 

S.000100100 ↓ ↓ ↓  ↑ ↓ ↓  ↑ ↓ ↓ 27.0 12.0 0.2 -0.3 

S.000000100 ↓ ↓ ↓ ↓ ↓ ↓  ↑ ↓ ↓ 24.1 18.0 0.2 -0.2 

S.010100000 ↓  ↑ ↓  ↑ ↓ ↓ ↓ ↓ ↓ 12.3 10.0 0.2 -0.1 

S.000100000 ↓ ↓ ↓  ↑ ↓ ↓ ↓ ↓ ↓ 19.8 14.0 0.2 -0.1 

S.000010000 ↓ ↓ ↓ ↓  ↑ ↓ ↓ ↓ ↓ 26.7 16.0 0.2 0.0 

S.001000000 ↓ ↓  ↑ ↓ ↓ ↓ ↓ ↓ ↓ 31.2 16.0 0.2 0.0 

S.000000000 ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ 32.6 20.0 0.3 0.0 

S.000000001 ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓  ↑ 31.2 16.0 0.2 0.1 

S.000000010 ↓ ↓ ↓ ↓ ↓ ↓ ↓  ↑ ↓ 45.6 16.0 0.1 0.3 

S.001000100 ↓ ↓  ↑ ↓ ↓ ↓  ↑ ↓ ↓ 15.0 12.0 0.1 0.3 
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In the above table it is evident that the first eight clusters have lower energy compare to the 

ferromagnetic case. The cluster with spin ordering S.011001111 has the lowest energy and it can be 

considered as the most favorable cluster of the As@Ni3Mn9@As20 system which has magnetic anisotropy 

energy of 23.22 K. In the S.011001111 spin ordering, three of the Mn atoms have spin down (0) and the 

other six Mn atoms have up spin (1). 

3.10: As@Ni2Mn10@As20 

In the parent As@Ni12@As20 system ten Mn atoms are doped by replacing any ten of the 12 Ni 

atoms. There are 4 unique possible resultant structures of the As@Ni2Mn10@As20 system which are 

shown in the figure below.   

               

Figure 3.15: All possible combination of As@Ni2Mn10@As20 cluster. 

It is evident from the figure that As20 cage is broken from the parent molecule. Due to the presence 

of the Mn atoms in the above structures near the Mn atom the As-As bond is varied from 3.2 Å to 2.64 Å. 

On an average the As-As bond length is increased by 0.01 Å compared to As20 cage in As21Ni12 system. 

The net spin moment and HOMO-LUMO gap of all the above structures are calculated. Due to the 

breaking of symmetry, the resulting magnetic anisotropy compared to the parent cluster become larger. 
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Average bond lengths of As-As, Ni-Ni, As-Ni, As-Mn, Ni-Mn in the whole clusters are also computed. In 

the table below all the detailed information are given 

Table 3.22: Data for all possible combination of As@Ni2Mn10@As20 cluster. 

Systems 

 H-L 

gap 

(eV)  

M.M 

 𝝁𝑩 

M.A.E 

(K) 

As-

As 

Å 

As-

Ni 

Å 

Ni-

Mn 

Å 

As-

Mn 

Å 

Mn-

Mn 

Å 

Ni-

Ni 

Å 

Energy 

(Hartee) 

As21Ni2Mn10_0 0.27 19 40.88 

 

2.81 

 

2.47 

 

2.72 

 

2.48 

 

2.65 

 

----- 

-61473.81674 

As21Ni2Mn10_1 0.11 19 22.50 

 

2.78 

 

2.46 

 

2.72 

 

2.48 

 

2.67 

 

2.70 

-61473.81415 

As21Ni2Mn10_2 0.2 19 21.20 

 

2.73 

 

2.47 

 

2.73 

 

2.48 

 

2.66 

 

----- 

-61473.80988 

As21Ni2Mn10_3 0.22 19 20.16 

 

2.73 

 

2.46 

 

2.73 

 

2.48 

 

2.66 

 

----- 

-61473.80789 

As21Ni2Mn10_4 0.02 18 25.45 

 

2.76 

 

2.47 

 

2.73 

 

2.48 

 

2.66 

 

----- 

-61473.80465 

 The lowest energy molecules is As21Ni2Mn10_0 which is indicated by red color in the above table. 

It can also be noted that As21Ni2Mn10_4 system have very small/no gap between the HOMO and LUMO. 

So that this cluster can be considered as a metallic system. The pictures of all these clusters are given 

below according to lowest to highest energy.          

3.10.1: Ferrimagnetic Investigation of As@Ni2Mn10@As20: 

In the As@Ni2Mn10@As20 cluster it is evident that there are ten Mn atoms. The most favorable 

ferromagnetic cluster (As21Ni2Mn10_0) from the above table is chosen for studying different spin ordering 

of the Mn atoms.   All the possible spin ordering of the Mn atoms in this cluster are studied and the 

corresponding Magnetic Anisotropy Energy (MAE), Magnetic Moment (M.M), HOMO-LUMO gap (H-

L gap) and the deviation in energy from the ferromagnetic (As211Ni4Mn8_1) cluster is also computed. 
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Table 3.23: Data for different spin configuration of Mn atom in As21Ni2Mn10_0 system 

Systems MAE 

(K) 

M.M 𝝁𝑩 H-L gap 

(eV) 

E-EFM (eV) 

S.0000000010 ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↑  ↓ 25.5 15.0 0.1 0.1 

S.0000100000 ↓ ↓ ↓ ↓ ↑  ↓ ↓ ↓ ↓ ↓ 25.5 15.0 0.1 0.1 

S.0000010000 ↓ ↓ ↓ ↓ ↓ ↑  ↓ ↓ ↓ ↓ 25.4 15.0 0.1 0.1 

S.0101110101 ↓ ↑  ↓ ↑  ↑  ↑  ↓ ↑  ↓ ↑ 22.0 3.0 0.1 0.2 

S.0101010111 ↓ ↑  ↓ ↑  ↓ ↑  ↓ ↑  ↑  ↑ 22.0 3.0 0.1 0.2 

S.0001000000 ↓ ↓ ↓ ↑  ↓ ↓ ↓ ↓ ↓ ↓ 26.0 15.0 0.1 0.2 

S.0000001000 ↓ ↓ ↓ ↓ ↓ ↓ ↑  ↓ ↓ ↓ 26.0 15.0 0.1 0.2 

S.0010000000 ↓ ↓ ↑  ↓ ↓ ↓ ↓ ↓ ↓ ↓ 26.0 15.0 0.1 0.2 

S.0000000100 ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↑  ↓ ↓ 25.3 15.0 0.1 0.2 

S.0100000000 ↓ ↑  ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ 24.8 15.0 0.1 0.2 

S.0000100001 ↓ ↓ ↓ ↓ ↑  ↓ ↓ ↓ ↓ ↑ 41.8 13.0 0.2 0.2 

S.0000010010 ↓ ↓ ↓ ↓ ↓ ↑  ↓ ↓ ↑  ↓ 41.4 13.0 0.2 0.2 

S.0111110100 ↓ ↑  ↑  ↑  ↑  ↑  ↓ ↑  ↓ ↓ 21.0 3.0 0.2 0.2 

S.0101001111 ↓ ↑  ↓ ↑  ↓ ↓ ↑  ↑  ↑  ↑ 22.5 3.0 0.2 0.2 

S.0101000101 ↓ ↑  ↓ ↑  ↓ ↓ ↓ ↑  ↓ ↑ 149.7 4.8 0.0 0.2 

S.0101010100 ↓ ↑  ↓ ↑  ↓ ↑  ↓ ↑  ↓ ↓ 150.0 4.8 0.0 0.2 

S.0101100101 ↓ ↑  ↓ ↑  ↑  ↓ ↓ ↑  ↓ ↑ 0.0 1.0 0.1 0.2 

S.0101010110 ↓ ↑  ↓ ↑  ↓ ↑  ↓ ↑  ↑  ↓ 0.0 1.0 0.1 0.2 

S.0101010101 ↓ ↑  ↓ ↑  ↓ ↑  ↓ ↑  ↓ ↑ 0.0 1.0 0.1 0.2 

S.0001000100 ↓ ↓ ↓ ↑  ↓ ↓ ↓ ↑  ↓ ↓ 24.5 13.0 0.0 0.2 
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S.0010001000 ↓ ↓ ↑  ↓ ↓ ↓ ↑  ↓ ↓ ↓ 24.9 13.0 0.0 0.2 

S.0000100010 ↓ ↓ ↓ ↓ ↑  ↓ ↓ ↓ ↑  ↓ 36.0 13.0 0.1 0.3 

S.0000010001 ↓ ↓ ↓ ↓ ↓ ↑  ↓ ↓ ↓ ↑ 36.0 13.0 0.1 0.3 

S.0010000100 ↓ ↓ ↑  ↓ ↓ ↓ ↓ ↑  ↓ ↓ 43.0 13.0 0.2 0.3 

S.0101110100 ↓ ↑  ↓ ↑  ↑  ↑  ↓ ↑  ↓ ↓ 0.0 1.0 0.1 0.3 

S.0001001000 ↓ ↓ ↓ ↑  ↓ ↓ ↑  ↓ ↓ ↓ 43.0 13.0 0.2 0.3 

S.0101000111 ↓ ↑  ↓ ↑  ↓ ↓ ↓ ↑  ↑  ↑ 0.0 1.0 0.1 0.3 

S.0111010100 ↓ ↑  ↑  ↑  ↓ ↑  ↓ ↑  ↓ ↓ 0.0 1.0 0.1 0.3 

S.0101001101 ↓ ↑  ↓ ↑  ↓ ↓ ↑  ↑  ↓ ↑ 0.0 1.0 0.1 0.3 

S.0101110001 ↓ ↑  ↓ ↑  ↑  ↑  ↓ ↓ ↓ ↑ 0.0 1.0 0.1 0.3 

S.0100010111 ↓ ↑  ↓ ↓ ↓ ↑  ↓ ↑  ↑  ↑ 0.0 1.0 0.1 0.3 

S.0011110100 ↓ ↓ ↑  ↑  ↑  ↑  ↓ ↑  ↓ ↓ 0.0 1.0 0.1 0.3 

S.0001001111 ↓ ↓ ↓ ↑  ↓ ↓ ↑  ↑  ↑  ↑ 0.0 1.0 0.1 0.3 

S.0010001111 ↓ ↓ ↑  ↓ ↓ ↓ ↑  ↑  ↑  ↑ 0.0 1.0 0.1 0.3 

S.0011111000 ↓ ↓ ↑  ↑  ↑  ↑  ↑  ↓ ↓ ↓ 0.0 1.0 0.1 0.3 

S.0100000111 ↓ ↑  ↓ ↓ ↓ ↓ ↓ ↑  ↑  ↑ 42.6 5.0 0.0 0.3 

S.0100000001 ↓ ↑  ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↑ 13.2 13.0 0.1 0.3 

S.0100010000 ↓ ↑  ↓ ↓ ↓ ↑  ↓ ↓ ↓ ↓ 12.9 13.0 0.1 0.3 

S.0000001111 ↓ ↓ ↓ ↓ ↓ ↓ ↑  ↑  ↑  ↑ 65.5 4.8 0.0 0.3 

S.0011110000 ↓ ↓ ↑  ↑  ↑  ↑  ↓ ↓ ↓ ↓ 71.4 4.8 0.0 0.3 

S.0001000010 ↓ ↓ ↓ ↑  ↓ ↓ ↓ ↓ ↑  ↓ 32.6 13.0 0.1 0.3 

S.0000000011 ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↑  ↑ 31.1 11.0 0.1 0.3 

S.0000100100 ↓ ↓ ↓ ↓ ↑  ↓ ↓ ↑  ↓ ↓ 34.9 13.0 0.1 0.3 
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S.0111110000 ↓ ↑  ↑  ↑  ↑  ↑  ↓ ↓ ↓ ↓ 0.0 1.0 0.1 0.3 

S.0100001111 ↓ ↑  ↓ ↓ ↓ ↓ ↑  ↑  ↑  ↑ 0.0 1.0 0.2 0.3 

S.0000011000 ↓ ↓ ↓ ↓ ↓ ↑  ↑  ↓ ↓ ↓ 33.2 13.0 0.1 0.3 

S.0010000001 ↓ ↓ ↑  ↓ ↓ ↓ ↓ ↓ ↓ ↑ 34.9 13.0 0.1 0.3 

S.0011111111 ↓ ↓ ↑  ↑  ↑  ↑  ↑  ↑  ↑  ↑ 35.5 11.0 0.0 0.3 

S.0101000100 ↓ ↑  ↓ ↑  ↓ ↓ ↓ ↑  ↓ ↓ 26.4 7.0 0.1 0.3 

S.0101110111 ↓ ↑  ↓ ↑  ↑  ↑  ↓ ↑  ↑  ↑ 26.2 7.0 0.1 0.3 

S.0000001001 ↓ ↓ ↓ ↓ ↓ ↓ ↑  ↓ ↓ ↑ 30.8 13.0 0.0 0.3 

S.0000000110 ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↑  ↑  ↓ 28.1 13.0 0.0 0.3 

S.0000010100 ↓ ↓ ↓ ↓ ↓ ↑  ↓ ↑  ↓ ↓ 33.3 13.0 0.1 0.3 

S.0010010000 ↓ ↓ ↑  ↓ ↓ ↑  ↓ ↓ ↓ ↓ 30.7 13.0 0.0 0.3 

S.0001000001 ↓ ↓ ↓ ↑  ↓ ↓ ↓ ↓ ↓ ↑ 30.6 13.0 0.1 0.3 

S.0001100000 ↓ ↓ ↓ ↑  ↑  ↓ ↓ ↓ ↓ ↓ 28.3 13.0 0.0 0.3 

S.0000101000 ↓ ↓ ↓ ↓ ↑  ↓ ↑  ↓ ↓ ↓ 33.4 13.0 0.1 0.3 

S.0010000010 ↓ ↓ ↑  ↓ ↓ ↓ ↓ ↓ ↑  ↓ 30.6 13.0 0.1 0.3 

S.0100000101 ↓ ↑  ↓ ↓ ↓ ↓ ↓ ↑  ↓ ↑ 27.3 7.0 0.1 0.3 

S.0101010000 ↓ ↑  ↓ ↑  ↓ ↑  ↓ ↓ ↓ ↓ 27.3 7.0 0.1 0.3 

S.0110000000 ↓ ↑  ↑  ↓ ↓ ↓ ↓ ↓ ↓ ↓ 35.3 13.0 0.1 0.3 

S.0111110101 ↓ ↑  ↑  ↑  ↑  ↑  ↓ ↑  ↓ ↑ 27.2 7.0 0.1 0.3 

S.0101011111 ↓ ↑  ↓ ↑  ↓ ↑  ↑  ↑  ↑  ↑ 27.2 7.0 0.1 0.3 

S.0100001000 ↓ ↑  ↓ ↓ ↓ ↓ ↑  ↓ ↓ ↓ 35.3 13.0 0.1 0.3 

S.0001110000 ↓ ↓ ↓ ↑  ↑  ↑  ↓ ↓ ↓ ↓ 26.2 7.0 0.1 0.3 

S.0000000111 ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↑  ↑  ↑ 24.0 7.0 0.1 0.3 
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S.0000000101 ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↑  ↓ ↑ 36.5 11.0 0.1 0.3 

S.0001010000 ↓ ↓ ↓ ↑  ↓ ↑  ↓ ↓ ↓ ↓ 36.6 11.0 0.1 0.3 

S.0010100000 ↓ ↓ ↑  ↓ ↑  ↓ ↓ ↓ ↓ ↓ 36.6 11.0 0.1 0.3 

S.0000001010 ↓ ↓ ↓ ↓ ↓ ↓ ↑  ↓ ↑  ↓ 36.5 11.0 0.1 0.3 

S.0101000000 ↓ ↑  ↓ ↑  ↓ ↓ ↓ ↓ ↓ ↓ 33.3 11.0 0.1 0.4 

S.0100000100 ↓ ↑  ↓ ↓ ↓ ↓ ↓ ↑  ↓ ↓ 33.3 11.0 0.1 0.4 

S.0111110111 ↓ ↑  ↑  ↑  ↑  ↑  ↓ ↑  ↑  ↑ 32.1 11.0 0.1 0.4 

S.0101111111 ↓ ↑  ↓ ↑  ↑  ↑  ↑  ↑  ↑  ↑ 32.0 11.0 0.1 0.4 

S.0010110000 ↓ ↓ ↑  ↓ ↑  ↑  ↓ ↓ ↓ ↓ 49.6 8.3 0.0 0.4 

S.0000001011 ↓ ↓ ↓ ↓ ↓ ↓ ↑  ↓ ↑  ↑ 49.7 8.3 0.0 0.4 

S.0001000110 ↓ ↓ ↓ ↑  ↓ ↓ ↓ ↑  ↑  ↓ 35.5 9.0 0.1 0.4 

S.0010001001 ↓ ↓ ↑  ↓ ↓ ↓ ↑  ↓ ↓ ↑ 29.9 9.0 0.1 0.4 

S.0010011000 ↓ ↓ ↑  ↓ ↓ ↑  ↑  ↓ ↓ ↓ 29.9 9.0 0.1 0.4 

S.0100000010 ↓ ↑  ↓ ↓ ↓ ↓ ↓ ↓ ↑  ↓ 31.5 13.0 0.1 0.4 

S.0100100000 ↓ ↑  ↓ ↓ ↑  ↓ ↓ ↓ ↓ ↓ 31.2 13.0 0.1 0.4 

S.0001100100 ↓ ↓ ↓ ↑  ↑  ↓ ↓ ↑  ↓ ↓ 37.3 9.0 0.1 0.4 

S.0111111011 ↓ ↑  ↑  ↑  ↑  ↑  ↑  ↓ ↑  ↑ 34.8 11.0 0.0 0.4 

S.0110111111 ↓ ↑  ↑  ↓ ↑  ↑  ↑  ↑  ↑  ↑ 34.8 11.0 0.0 0.4 

S.0100010001 ↓ ↑  ↓ ↓ ↓ ↑  ↓ ↓ ↓ ↑ 69.8 9.0 0.0 0.4 

S.0111101111 ↓ ↑  ↑  ↑  ↑  ↓ ↑  ↑  ↑  ↑ 39.4 11.0 0.0 0.4 

S.0111111110 ↓ ↑  ↑  ↑  ↑  ↑  ↑  ↑  ↑  ↓ 44.6 11.0 0.0 0.4 

S.0000001100 ↓ ↓ ↓ ↓ ↓ ↓ ↑  ↑  ↓ ↓ 33.9 13.0 0.1 0.4 

S.0011000000 ↓ ↓ ↑  ↑  ↓ ↓ ↓ ↓ ↓ ↓ 33.9 13.0 0.1 0.4 
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S.0001000101 ↓ ↓ ↓ ↑  ↓ ↓ ↓ ↑  ↓ ↑ 24.3 9.0 0.1 0.4 

S.0001010100 ↓ ↓ ↓ ↑  ↓ ↑  ↓ ↑  ↓ ↓ 26.7 9.0 0.1 0.4 

S.0010001010 ↓ ↓ ↑  ↓ ↓ ↓ ↑  ↓ ↑  ↓ 26.7 9.0 0.1 0.4 

S.0010101000 ↓ ↓ ↑  ↓ ↑  ↓ ↑  ↓ ↓ ↓ 24.3 9.0 0.1 0.4 

S.0100100001 ↓ ↑  ↓ ↓ ↑  ↓ ↓ ↓ ↓ ↑ 51.8 9.0 0.1 0.4 

S.0100010010 ↓ ↑  ↓ ↓ ↓ ↑  ↓ ↓ ↑  ↓ 51.8 9.0 0.1 0.4 

S.0011000100 ↓ ↓ ↑  ↑  ↓ ↓ ↓ ↑  ↓ ↓ 63.1 9.0 0.1 0.4 

S.0001001100 ↓ ↓ ↓ ↑  ↓ ↓ ↑  ↑  ↓ ↓ 48.2 9.0 0.1 0.4 

S.0010001100 ↓ ↓ ↑  ↓ ↓ ↓ ↑  ↑  ↓ ↓ 48.2 9.0 0.1 0.4 

S.0011001000 ↓ ↓ ↑  ↑  ↓ ↓ ↑  ↓ ↓ ↓ 48.2 9.0 0.1 0.4 

S.0000010110 ↓ ↓ ↓ ↓ ↓ ↑  ↓ ↑  ↑  ↓ 63.0 9.0 0.1 0.4 

S.0101100100 ↓ ↑  ↓ ↑  ↑  ↓ ↓ ↑  ↓ ↓ 29.3 5.0 0.1 0.4 

S.0010010010 ↓ ↓ ↑  ↓ ↓ ↑  ↓ ↓ ↑  ↓ 59.7 9.0 0.1 0.4 

S.0000101001 ↓ ↓ ↓ ↓ ↑  ↓ ↑  ↓ ↓ ↑ 59.7 9.0 0.1 0.4 

S.0101000001 ↓ ↑  ↓ ↑  ↓ ↓ ↓ ↓ ↓ ↑ 23.8 9.0 0.1 0.4 

S.0101110110 ↓ ↑  ↓ ↑  ↑  ↑  ↓ ↑  ↑  ↓ 23.4 3.0 0.1 0.4 

S.0001100001 ↓ ↓ ↓ ↑  ↑  ↓ ↓ ↓ ↓ ↑ 59.5 9.0 0.1 0.4 

S.0101000110 ↓ ↑  ↓ ↑  ↓ ↓ ↓ ↑  ↑  ↓ 29.4 5.0 0.1 0.4 

S.0101100111 ↓ ↑  ↓ ↑  ↑  ↓ ↓ ↑  ↑  ↑ 23.3 3.0 0.1 0.4 

S.0100010100 ↓ ↑  ↓ ↓ ↓ ↑  ↓ ↑  ↓ ↓ 22.2 9.0 0.1 0.4 

S.0100001001 ↓ ↑  ↓ ↓ ↓ ↓ ↑  ↓ ↓ ↑ 33.2 9.0 0.1 0.4 

S.0100010011 ↓ ↑  ↓ ↓ ↓ ↑  ↓ ↓ ↑  ↑ 37.3 5.0 0.1 0.4 

S.0100110001 ↓ ↑  ↓ ↓ ↑  ↑  ↓ ↓ ↓ ↑ 37.3 5.0 0.1 0.4 
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S.0110010000 ↓ ↑  ↑  ↓ ↓ ↑  ↓ ↓ ↓ ↓ 33.2 9.0 0.1 0.4 

S.0001110100 ↓ ↓ ↓ ↑  ↑  ↑  ↓ ↑  ↓ ↓ 27.0 5.0 0.1 0.4 

S.0111010101 ↓ ↑  ↑  ↑  ↓ ↑  ↓ ↑  ↓ ↑ 23.3 3.0 0.1 0.4 

S.0100110000 ↓ ↑  ↓ ↓ ↑  ↑  ↓ ↓ ↓ ↓ 22.1 9.0 0.1 0.4 

S.0111100101 ↓ ↑  ↑  ↑  ↑  ↓ ↓ ↑  ↓ ↑ 42.8 3.0 0.2 0.4 

S.0001000111 ↓ ↓ ↓ ↑  ↓ ↓ ↓ ↑  ↑  ↑ 21.0 5.0 0.1 0.4 

S.0101011101 ↓ ↑  ↓ ↑  ↓ ↑  ↑  ↑  ↓ ↑ 23.3 3.0 0.1 0.4 

S.0100000011 ↓ ↑ ↓ ↓ ↓ ↓ ↓ ↓ ↑ ↑ 25.0 9.0 0.1 0.4 

S.0010001011 ↓ ↓ ↑ ↓ ↓ ↓ ↑ ↓ ↑ ↑ 21.0 5.0 0.1 0.4 

S.0010111000 ↓ ↓ ↑ ↓ ↑ ↑ ↑ ↓ ↓ ↓ 27.0 5.0 0.1 0.4 

S.0101011110 ↓ ↑ ↓ ↑ ↓ ↑ ↑ ↑ ↑ ↓ 42.8 -3.0 0.2 0.4 

S.0101110011 ↓ ↑ ↓ ↑ ↑ ↑ ↓ ↓ ↑ ↑ 43.1 -3.0 0.2 0.4 

S.0010010100 ↓ ↓ ↑ ↓ ↓ ↑ ↓ ↑ ↓ ↓ 61.0 9.0 0.1 0.4 

S.0010000110 ↓ ↓ ↑ ↓ ↓ ↓ ↓ ↑ ↑ ↓ 60.8 9.0 0.1 0.4 

S.0001001001 ↓ ↓ ↓ ↑ ↓ ↓ ↑ ↓ ↓ ↑ 61.0 9.0 0.1 0.4 

S.0111101101 ↓ ↑ ↑ ↑ ↑ ↓ ↑ ↑ ↓ ↑ 30.8 -7.0 0.0 0.4 

S.0111011110 ↓ ↑ ↑ ↑ ↓ ↑ ↑ ↑ ↑ ↓ 30.8 -7.0 0.0 0.4 

S.0100110111 ↓ ↑ ↓ ↓ ↑ ↑ ↓ ↑ ↑ ↑ 43.1 -3.0 0.2 0.4 

S.0001101000 ↓ ↓ ↓ ↑ ↑ ↓ ↑ ↓ ↓ ↓ 60.8 9.0 0.1 0.4 

S.0101010001 ↓ ↑ ↓ ↑ ↓ ↑ ↓ ↓ ↓ ↑ 20.3 5.0 0.1 0.4 

S.0100010101 ↓ ↑ ↓ ↓ ↓ ↑ ↓ ↑ ↓ ↑ 22.2 5.0 0.1 0.4 

S.0000110010 ↓ ↓ ↓ ↓ ↑ ↑ ↓ ↓ ↑ ↓ 41.7 9.0 0.1 0.4 

S.0000100011 ↓ ↓ ↓ ↓ ↑ ↓ ↓ ↓ ↑ ↑ 42.0 9.0 0.1 0.4 
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S.0000010011 ↓ ↓ ↓ ↓ ↓ ↑ ↓ ↓ ↑ ↑ 42.0 9.0 0.1 0.4 

S.0110111011 ↓ ↑ ↑ ↓ ↑ ↑ ↑ ↓ ↑ ↑ 35.7 -9.0 0.1 0.4 

S.0110001000 ↓ ↑ ↑ ↓ ↓ ↓ ↑ ↓ ↓ ↓ 35.9 9.0 0.1 0.4 

S.0101100000 ↓ ↑ ↓ ↑ ↑ ↓ ↓ ↓ ↓ ↓ 26.7 9.0 0.1 0.4 

S.0100000110 ↓ ↑ ↓ ↓ ↓ ↓ ↓ ↑ ↑ ↓ 26.8 9.0 0.1 0.4 

S.0111001101 ↓ ↑ ↑ ↑ ↓ ↓ ↑ ↑ ↓ ↑ 14.0 -3.0 0.0 0.4 

S.0111011100 ↓ ↑ ↑ ↑ ↓ ↑ ↑ ↑ ↓ ↓ 14.0 -3.0 0.0 0.5 

S.0101100001 ↓ ↑ ↓ ↑ ↑ ↓ ↓ ↓ ↓ ↑ 26.7 5.0 0.1 0.5 

S.0100010110 ↓ ↑ ↓ ↓ ↓ ↑ ↓ ↑ ↑ ↓ 26.7 5.0 0.1 0.5 

S.0011100100 ↓ ↓ ↑ ↑ ↑ ↓ ↓ ↑ ↓ ↓ 30.6 5.0 0.1 0.5 

S.0111111101 ↓ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↓ ↑ 46.1 -9.0 0.0 0.5 

S.0010001101 ↓ ↓ ↑ ↓ ↓ ↓ ↑ ↑ ↓ ↑ 36.5 5.0 0.1 0.5 

S.0001001110 ↓ ↓ ↓ ↑ ↓ ↓ ↑ ↑ ↑ ↓ 30.5 5.0 0.1 0.5 

S.0001100101 ↓ ↓ ↓ ↑ ↑ ↓ ↓ ↑ ↓ ↑ 36.4 5.0 0.1 0.5 

S.0111011111 ↓ ↑ ↑ ↑ ↓ ↑ ↑ ↑ ↑ ↑ 45.8 -9.2 0.0 0.5 

S.0011011000 ↓ ↓ ↑ ↑ ↓ ↑ ↑ ↓ ↓ ↓ 36.5 5.0 0.1 0.5 

S.0001010110 ↓ ↓ ↓ ↑ ↓ ↑ ↓ ↑ ↑ ↓ 29.7 5.0 0.1 0.5 

S.0010101001 ↓ ↓ ↑ ↓ ↑ ↓ ↑ ↓ ↓ ↑ 28.5 5.0 0.1 0.5 

S.0010011010 ↓ ↓ ↑ ↓ ↓ ↑ ↑ ↓ ↑ ↓ 36.5 5.0 0.1 0.5 

S.0111111000 ↓ ↑ ↑ ↑ ↑ ↑ ↑ ↓ ↓ ↓ 22.1 -3.0 0.1 0.5 

S.0110001111 ↓ ↑ ↑ ↓ ↓ ↓ ↑ ↑ ↑ ↑ 22.1 -3.0 0.1 0.5 

S.0000100110 ↓ ↓ ↓ ↓ ↑ ↓ ↓ ↑ ↑ ↓ 37.1 9.0 0.1 0.5 

S.0000011001 ↓ ↓ ↓ ↓ ↓ ↑ ↑ ↓ ↓ ↑ 39.8 9.0 0.1 0.5 
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S.0010010001 ↓ ↓ ↑ ↓ ↓ ↑ ↓ ↓ ↓ ↑ 39.7 9.0 0.1 0.5 

S.0100110101 ↓ ↑ ↓ ↓ ↑ ↑ ↓ ↑ ↓ ↑    0.0 1.0 0.1 0.5 

S.0101010011 ↓ ↑ ↓ ↑ ↓ ↑ ↓ ↓ ↑ ↑  0.0 1.0 0.1 0.5 

S.0001100010 ↓ ↓ ↓ ↑ ↑ ↓ ↓ ↓ ↑ ↓  39.7 9.0 0.1 0.5 

S.0011110101 ↓ ↓ ↑ ↑ ↑ ↑ ↓ ↑ ↓ ↑  43.7 3.0 0.2 0.5 

S.0100001011 ↓ ↑ ↓ ↓ ↓ ↓ ↑ ↓ ↑ ↑  21.2 5.0 0.1 0.5 

S.0001011111 ↓ ↓ ↓ ↑ ↓ ↑ ↑ ↑ ↑ ↑  43.7 3.0 0.2 0.5 

S.0011111010 ↓ ↓ ↑ ↑ ↑ ↑ ↑ ↓ ↑ ↓  43.7 3.0 0.2 0.5 

S.0111110001 ↓ ↑ ↑ ↑ ↑ ↑ ↓ ↓ ↓ ↑  22.4 3.0 0.1 0.5 

S.0010101111 ↓ ↓ ↑ ↓ ↑ ↓ ↑ ↑ ↑ ↑  43.8 3.0 0.2 0.5 

S.0100011111 ↓ ↑ ↓ ↓ ↓ ↑ ↑ ↑ ↑ ↑  22.4 3.0 0.1 0.5 

S.0000001101 ↓ ↓ ↓ ↓ ↓ ↓ ↑ ↑ ↓ ↑  23.5 9.0 0.1 0.5 

S.0011111110 ↓ ↓ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↓  32.9 7.2 0.0 0.5 

S.0111010110 ↓ ↑ ↑ ↑ ↓ ↑ ↓ ↑ ↑ ↓  32.9 3.0 0.1 0.5 

S.0000001110 ↓ ↓ ↓ ↓ ↓ ↓ ↑ ↑ ↑ ↓  23.5 9.0 0.1 0.5 

S.0011111101 ↓ ↓ ↑ ↑ ↑ ↑ ↑ ↑ ↓ ↑  34.1 7.2 0.0 0.5 

S.0011100000 ↓ ↓ ↑ ↑ ↑ ↓ ↓ ↓ ↓ ↓  26.2 9.0 0.1 0.5 

S.0011010000 ↓ ↓ ↑ ↑ ↓ ↑ ↓ ↓ ↓ ↓  23.5 9.0 0.1 0.5 

S.0111010000 ↓ ↑ ↑ ↑ ↓ ↑ ↓ ↓ ↓ ↓  27.3 5.0 0.1 0.5 

S.0101101101 ↓ ↑ ↓ ↑ ↑ ↓ ↑ ↑ ↓ ↑  32.8 3.0 0.1 0.5 

S.0111000101 ↓ ↑ ↑ ↑ ↓ ↓ ↓ ↑ ↓ ↑  0.0 1.0 0.1 0.5 

S.0101011100 ↓ ↑ ↓ ↑ ↓ ↑ ↑ ↑ ↓ ↓  0.0 1.0 0.1 0.5 

S.0100001101 ↓ ↑ ↓ ↓ ↓ ↓ ↑ ↑ ↓ ↑  27.1 5.0 0.1 0.5 
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S.0011101111 ↓ ↓ ↑ ↑ ↑ ↓ ↑ ↑ ↑ ↑  32.1 7.2 0.0 0.5 

S.0010110010 ↓ ↓ ↑ ↓ ↑ ↑ ↓ ↓ ↑ ↓  36.3 5.0 0.1 0.5 

S.0001110101 ↓ ↓ ↓ ↑ ↑ ↑ ↓ ↑ ↓ ↑  0.0 1.0 0.1 0.5 

S.0001001101 ↓ ↓ ↓ ↑ ↓ ↓ ↑ ↑ ↓ ↑  29.4 5.0 0.1 0.5 

S.0001110001 ↓ ↓ ↓ ↑ ↑ ↑ ↓ ↓ ↓ ↑  36.3 5.0 0.1 0.5 

S.0111100100 ↓ ↑ ↑ ↑ ↑ ↓ ↓ ↑ ↓ ↓  0.0 1.0 0.1 0.5 

S.0001010111 ↓ ↓ ↓ ↑ ↓ ↑ ↓ ↑ ↑ ↑  0.0 1.0 0.1 0.5 

S.0010101011 ↓ ↓ ↑ ↓ ↑ ↓ ↑ ↓ ↑ ↑  0.0 1.0 0.1 0.5 

S.0010111010 ↓ ↓ ↑ ↓ ↑ ↑ ↑ ↓ ↑ ↓  0.0 1.0 0.1 0.5 

S.0011010100 ↓ ↓ ↑ ↑ ↓ ↑ ↓ ↑ ↓ ↓  29.5 5.0 0.1 0.5 

S.0101001110 ↓ ↑ ↓ ↑ ↓ ↓ ↑ ↑ ↑ ↓  0.0 1.0 0.1 0.5 

S.0110111101 ↓ ↑ ↑ ↓ ↑ ↑ ↑ ↑ ↓ ↑  39.8 -9.0 0.1 0.5 

S.0111011011 ↓ ↑ ↑ ↑ ↓ ↑ ↑ ↓ ↑ ↑  37.1 -9.0 0.1 0.5 

S.0010001110 ↓ ↓ ↑ ↓ ↓ ↓ ↑ ↑ ↑ ↓  29.2 5.0 0.1 0.5 

S.0110000001 ↓ ↑ ↑ ↓ ↓ ↓ ↓ ↓ ↓ ↑  41.3 9.0 0.1 0.5 

S.0011001111 ↓ ↓ ↑ ↑ ↓ ↓ ↑ ↑ ↑ ↑  37.3 -3.0 0.0 0.5 

S.0011111100 ↓ ↓ ↑ ↑ ↑ ↑ ↑ ↑ ↓ ↓  37.1 -3.0 0.0 0.5 

S.0100011000 ↓ ↑ ↓ ↓ ↓ ↑ ↑ ↓ ↓ ↓  38.7 9.0 0.1 0.5 

S.0011101000 ↓ ↓ ↑ ↑ ↑ ↓ ↑ ↓ ↓ ↓  29.3 5.0 0.1 0.5 

S.0111001111 ↓ ↑ ↑ ↑ ↓ ↓ ↑ ↑ ↑ ↑  27.5 -5.0 0.1 0.5 

S.0000100101 ↓ ↓ ↓ ↓ ↑ ↓ ↓ ↑ ↓ ↑  40.1 9.0 0.1 0.5 

S.0001010010 ↓ ↓ ↓ ↑ ↓ ↑ ↓ ↓ ↑ ↓  40.1 9.0 0.1 0.5 

S.0010100001 ↓ ↓ ↑ ↓ ↑ ↓ ↓ ↓ ↓ ↑  40.1 9.0 0.1 0.5 
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S.0000011010 ↓ ↓ ↓ ↓ ↓ ↑ ↑ ↓ ↑ ↓  40.1 9.0 0.1 0.5 

S.0011011111 ↓ ↓ ↑ ↑ ↓ ↑ ↑ ↑ ↑ ↑  38.8 -7.7 0.0 0.5 

S.0101010010 ↓ ↑ ↓ ↑ ↓ ↑ ↓ ↓ ↑ ↓  38.2 5.0 0.1 0.5 

S.0000101011 ↓ ↓ ↓ ↓ ↑ ↓ ↑ ↓ ↑ ↑  31.2 5.0 0.0 0.5 

S.0111111100 ↓ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↓ ↓  30.5 -5.0 0.0 0.5 

S.0100100101 ↓ ↑ ↓ ↓ ↑ ↓ ↓ ↑ ↓ ↑  33.7 5.0 0.1 0.5 

S.0101110010 ↓ ↑ ↓ ↑ ↑ ↑ ↓ ↓ ↑ ↓  0.0 1.0 0.1 0.5 

S.0000010111 ↓ ↓ ↓ ↓ ↓ ↑ ↓ ↑ ↑ ↑  37.7 5.0 0.0 0.5 

S.0101001001 ↓ ↑ ↓ ↑ ↓ ↓ ↑ ↓ ↓ ↑  29.4 5.0 0.1 0.5 

S.0100100111 ↓ ↑ ↓ ↓ ↑ ↓ ↓ ↑ ↑ ↑  0.0 1.0 0.1 0.5 

S.0111000100 ↓ ↑ ↑ ↑ ↓ ↓ ↓ ↑ ↓ ↓  38.9 5.0 0.1 0.5 

S.0101001100 ↓ ↑ ↓ ↑ ↓ ↓ ↑ ↑ ↓ ↓  38.9 5.0 0.1 0.5 

S.0110010100 ↓ ↑ ↑ ↓ ↓ ↑ ↓ ↑ ↓ ↓  38.8 5.0 0.1 0.5 

S.0001001011 ↓ ↓ ↓ ↑ ↓ ↓ ↑ ↓ ↑ ↑  35.7 5.0 0.1 0.5 

S.0000110100 ↓ ↓ ↓ ↓ ↑ ↑ ↓ ↑ ↓ ↓  29.8 9.0 0.1 0.5 

S.0001000011 ↓ ↓ ↓ ↑ ↓ ↓ ↓ ↓ ↑ ↑  27.1 9.0 0.1 0.5 

S.0010110100 ↓ ↓ ↑ ↓ ↑ ↑ ↓ ↑ ↓ ↓  35.7 5.0 0.1 0.5 

S.0000111000 ↓ ↓ ↓ ↓ ↑ ↑ ↑ ↓ ↓ ↓  27.1 9.0 0.1 0.5 

S.0101111101 ↓ ↑ ↓ ↑ ↑ ↑ ↑ ↑ ↓ ↑  25.0 -5.0 0.1 0.5 

S.0010000111 ↓ ↓ ↑ ↓ ↓ ↓ ↓ ↑ ↑ ↑  35.7 5.0 0.1 0.5 

S.0010000011 ↓ ↓ ↑ ↓ ↓ ↓ ↓ ↓ ↑ ↑  29.8 9.0 0.1 0.5 

S.0111110110 ↓ ↑ ↑ ↑ ↑ ↑ ↓ ↑ ↑ ↓  24.7 -5.0 0.1 0.5 

S.0000010101 ↓ ↓ ↓ ↓ ↓ ↑ ↓ ↑ ↓ ↑  29.3 9.0 0.1 0.5 
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S.0111010111 ↓ ↑ ↑ ↑ ↓ ↑ ↓ ↑ ↑ ↑  25.1 -5.0 0.1 0.5 

S.0001111000 ↓ ↓ ↓ ↑ ↑ ↑ ↑ ↓ ↓ ↓  35.7 5.0 0.1 0.5 

S.0010100010 ↓ ↓ ↑ ↓ ↑ ↓ ↓ ↓ ↑ ↓  29.3 9.0 0.1 0.5 

S.0001010001 ↓ ↓ ↓ ↑ ↓ ↑ ↓ ↓ ↓ ↑  30.0 9.0 0.1 0.5 

S.0000101010 ↓ ↓ ↓ ↓ ↑ ↓ ↑ ↓ ↑ ↓  29.9 9.0 0.1 0.5 

S.0101101111 ↓ ↑ ↓ ↑ ↑ ↓ ↑ ↑ ↑ ↑  24.7 -5.0 0.1 0.5 

S.0010000101 ↓ ↓ ↑ ↓ ↓ ↓ ↓ ↑ ↓ ↑  40.2 9.0 0.1 0.5 

S.0001001010 ↓ ↓ ↓ ↑ ↓ ↓ ↑ ↓ ↑ ↓  40.2 9.0 0.1 0.5 

S.0010100100 ↓ ↓ ↑ ↓ ↑ ↓ ↓ ↑ ↓ ↓  40.2 9.0 0.1 0.5 

S.0001011000 ↓ ↓ ↓ ↑ ↓ ↑ ↑ ↓ ↓ ↓  40.2 9.0 0.1 0.5 

S.0011110111 ↓ ↓ ↑ ↑ ↑ ↑ ↓ ↑ ↑ ↑  30.7 -7.0 0.1 0.5 

S.0101111000 ↓ ↑ ↓ ↑ ↑ ↑ ↑ ↓ ↓ ↓  0.0 1.0 0.1 0.5 

S.0010111111 ↑ ↓ ↓ ↑ ↓ ↑ ↑ ↑ ↑ ↑ ↑  30.7 -7.0 0.1 0.5 

S.0110000111 ↑ ↓ ↑ ↑ ↓ ↓ ↓ ↓ ↑ ↑ ↑  0.0 1.0 0.1 0.5 

S.0011111011 ↑ ↓ ↓ ↑ ↑ ↑ ↑ ↑ ↓ ↑ ↑  30.7 -7.0 0.1 0.5 

S.0001111111 ↑ ↓ ↓ ↓ ↑ ↑ ↑ ↑ ↑ ↑ ↑  30.7 -7.0 0.1 0.5 

S.0000011111 ↑ ↓ ↓ ↓ ↓ ↓ ↑ ↑ ↑ ↑ ↑  0.0 1.0 0.1 0.5 

S.0101111011 ↑ ↓ ↑ ↓ ↑ ↑ ↑ ↑ ↓ ↑ ↑  30.4 -7.0 0.1 0.5 

S.0011110010 ↑ ↓ ↓ ↑ ↑ ↑ ↑ ↓ ↓ ↑ ↓  0.0 1.0 0.1 0.5 

S.0011110001 ↑ ↓ ↓ ↑ ↑ ↑ ↑ ↓ ↓ ↓ ↑  0.0 1.0 0.1 0.5 

S.0110110111 ↑ ↓ ↑ ↑ ↓ ↑ ↑ ↓ ↑ ↑ ↑  30.4 -7.0 0.1 0.5 

S.0101001011 ↑ ↓ ↑ ↓ ↑ ↓ ↓ ↑ ↓ ↑ ↑  0.0 1.0 0.1 0.5 

S.0101000010 ↑ ↓ ↑ ↓ ↑ ↓ ↓ ↓ ↓ ↑ ↓  27.5 9.0 0.1 0.5 



 77 

S.0100100100 ↑ ↓ ↑ ↓ ↓ ↑ ↓ ↓ ↑ ↓ ↓  30.6 9.0 0.1 0.5 

S.0010011111 ↑ ↓ ↓ ↑ ↓ ↓ ↑ ↑ ↑ ↑ ↑  13.1 -3.0 0.0 0.5 

S.0011110110 ↑ ↓ ↓ ↑ ↑ ↑ ↑ ↓ ↑ ↑ ↓  13.1 -3.0 0.0 0.5 

S.0011111001 ↑ ↓ ↓ ↑ ↑ ↑ ↑ ↑ ↓ ↓ ↑  13.1 -3.0 0.0 0.5 

S.0110100000 ↑ ↓ ↑ ↑ ↓ ↑ ↓ ↓ ↓ ↓ ↓  29.3 9.0 0.1 0.5 

S.0100001010 ↑ ↓ ↑ ↓ ↓ ↓ ↓ ↑ ↓ ↑ ↓  31.1 9.0 0.1 0.5 

S.0001101111 ↑ ↓ ↓ ↓ ↑ ↑ ↓ ↑ ↑ ↑ ↑  13.1 -3.0 0.0 0.5 

S.0110000100 ↑ ↓ ↑ ↑ ↓ ↓ ↓ ↓ ↑ ↓ ↓  42.2 9.0 0.1 0.5 

S.0101001000 ↑ ↓ ↑ ↓ ↑ ↓ ↓ ↑ ↓ ↓ ↓  42.2 9.0 0.1 0.5 

S.0110010111 ↑ ↓ ↑ ↑ ↓ ↓ ↑ ↓ ↑ ↑ ↑  12.7 -3.0 0.0 0.5 

S.0101111001 ↑ ↓ ↑ ↓ ↑ ↑ ↑ ↑ ↓ ↓ ↑  12.6 -3.0 0.0 0.5 

S.0111011101 ↑ ↓ ↑ ↑ ↑ ↓ ↑ ↑ ↑ ↓ ↑  27.5 -5.2 0.0 0.5 

S.0001010101 ↑ ↓ ↓ ↓ ↑ ↓ ↑ ↓ ↑ ↓ ↑  27.8 7.0 0.0 0.5 

S.0010101010 ↑ ↓ ↓ ↑ ↓ ↑ ↓ ↑ ↓ ↑ ↓  27.8 7.0 0.0 0.5 

S.0000011011 ↑ ↓ ↓ ↓ ↓ ↓ ↑ ↑ ↓ ↑ ↑  38.3 7.0 0.1 0.5 

S.0000100111 ↑ ↓ ↓ ↓ ↓ ↑ ↓ ↓ ↑ ↑ ↑  38.3 7.0 0.1 0.5 

S.0010110001 ↑ ↓ ↓ ↑ ↓ ↑ ↑ ↓ ↓ ↓ ↑  38.3 7.0 0.1 0.5 

S.0010111011 ↑ ↓ ↓ ↑ ↓ ↑ ↑ ↑ ↓ ↑ ↑  26.2 -3.0 0.1 0.5 

S.0111100111 ↑ ↓ ↑ ↑ ↑ ↑ ↓ ↓ ↑ ↑ ↑  38.1 -7.0 0.1 0.5 

S.0001110111 ↑ ↓ ↓ ↓ ↑ ↑ ↑ ↓ ↑ ↑ ↑  26.2 -3.0 0.1 0.5 

S.0100110011 ↑ ↓ ↑ ↓ ↓ ↑ ↑ ↓ ↓ ↑ ↑  0.0 1.0 0.1 0.5 

S.0101111110 ↑ ↓ ↑ ↓ ↑ ↑ ↑ ↑ ↑ ↑ ↓  38.2 -7.0 0.1 0.5 

S.0001110010 ↑ ↓ ↓ ↓ ↑ ↑ ↑ ↓ ↓ ↑ ↓  38.3 7.0 0.1 0.5 
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S.0111111010 ↑ ↓ ↑ ↑ ↑ ↑ ↑ ↑ ↓ ↑ ↓  35.7 -7.0 0.1 0.6 

S.0100001100 ↑ ↓ ↑ ↓ ↓ ↓ ↓ ↑ ↑ ↓ ↓  29.3 9.0 0.1 0.6 

S.0101111100 ↑ ↓ ↑ ↓ ↑ ↑ ↑ ↑ ↑ ↓ ↓  28.1 -3.0 0.1 0.6 

S.0111000000 ↑ ↓ ↑ ↑ ↑ ↓ ↓ ↓ ↓ ↓ ↓  29.3 9.0 0.1 0.6 

S.0111000111 ↑ ↓ ↑ ↑ ↑ ↓ ↓ ↓ ↑ ↑ ↑  28.0 -3.0 0.1 0.6 

S.0010011001 ↑ ↓ ↓ ↑ ↓ ↓ ↑ ↑ ↓ ↓ ↑  50.8 7.0 0.1 0.6 

S.0001100110  ↓   ↓   ↓  ↑ ↑  ↓   ↓  ↑ ↑  ↓   50.8 7.0 0.1 0.6 

S.0101100110  ↓  ↑  ↓  ↑ ↑  ↓   ↓  ↑ ↑  ↓   0.0 1.0 0.1 0.6 

S.0110001001  ↓  ↑ ↑  ↓   ↓   ↓  ↑  ↓   ↓  ↑  48.6 7.0 0.1 0.6 

S.0111110011  ↓  ↑ ↑ ↑ ↑ ↑  ↓   ↓  ↑ ↑  38.3 7.0 0.1 0.6 

S.0110011000  ↓  ↑ ↑  ↓   ↓  ↑ ↑  ↓   ↓   ↓   48.5 7.0 0.1 0.6 

S.0100111111  ↓  ↑  ↓   ↓  ↑ ↑ ↑ ↑ ↑ ↑  38.3 7.0 0.1 0.6 

S.0101000011  ↓  ↑  ↓  ↑  ↓   ↓   ↓   ↓  ↑ ↑  25.9 7.0 0.0 0.6 

S.0100100011  ↓  ↑  ↓   ↓  ↑  ↓   ↓   ↓  ↑ ↑  39.2 5.0 0.1 0.6 

S.0100110100  ↓  ↑  ↓   ↓  ↑ ↑  ↓  ↑  ↓   ↓   25.9 7.0 0.0 0.6 

S.0100110010  ↓  ↑  ↓   ↓  ↑ ↑  ↓   ↓  ↑  ↓   39.2 5.0 0.1 0.6 

S.0110110101  ↓  ↑ ↑  ↓  ↑ ↑  ↓  ↑  ↓  ↑  26.0 3.0 0.1 0.6 

S.0111110010  ↓  ↑ ↑ ↑ ↑ ↑  ↓   ↓  ↑  ↓   22.2 3.0 0.1 0.6 

S.0101011011  ↓  ↑  ↓  ↑  ↓  ↑ ↑  ↓  ↑ ↑  26.4 3.0 0.1 0.6 

S.0111111001  ↓  ↑ ↑ ↑ ↑ ↑ ↑  ↓   ↓  ↑  28.1 5.1 0.0 0.6 

S.0110011111  ↓  ↑ ↑  ↓   ↓  ↑ ↑ ↑ ↑ ↑  27.0 5.1 0.0 0.6 

S.0100101111  ↓  ↑  ↓   ↓  ↑  ↓  ↑ ↑ ↑ ↑  22.2 3.0 0.1 0.6 

S.0110001101  ↓  ↑ ↑  ↓   ↓   ↓  ↑ ↑  ↓  ↑  0.0 1.0 0.1 0.6 
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S.0111011000  ↓  ↑ ↑ ↑  ↓  ↑ ↑  ↓   ↓   ↓   0.0 1.0 0.1 0.6 

S.0011001100  ↓   ↓  ↑ ↑  ↓   ↓  ↑ ↑  ↓   ↓   39.8 7.0 0.0 0.6 

S.0100011001  ↓  ↑  ↓   ↓   ↓  ↑ ↑  ↓   ↓  ↑  49.4 7.0 0.1 0.6 

S.0110010001  ↓  ↑ ↑  ↓   ↓  ↑  ↓   ↓   ↓  ↑  49.4 7.0 0.1 0.6 

S.0010011100  ↓   ↓  ↑  ↓   ↓  ↑ ↑ ↑  ↓   ↓   58.7 5.0 0.1 0.6 

S.0001110110  ↓   ↓   ↓  ↑ ↑ ↑  ↓  ↑ ↑  ↓   0.0 1.0 0.1 0.6 

S.0010111001  ↓   ↓  ↑  ↓  ↑ ↑ ↑  ↓   ↓  ↑  0.0 1.0 0.1 0.6 

S.0010011011  ↓   ↓  ↑  ↓   ↓  ↑ ↑  ↓  ↑ ↑  0.0 1.0 0.1 0.6 

S.0011000110  ↓   ↓  ↑ ↑  ↓   ↓   ↓  ↑ ↑  ↓   52.4 5.0 0.1 0.6 

S.0011001001  ↓   ↓  ↑ ↑  ↓   ↓  ↑  ↓   ↓  ↑  52.3 5.0 0.1 0.6 

S.0001101100  ↓   ↓   ↓  ↑ ↑  ↓  ↑ ↑  ↓   ↓   52.5 5.0 0.1 0.6 

S.0001100111  ↓   ↓   ↓  ↑ ↑  ↓   ↓  ↑ ↑ ↑  0.0 1.0 0.1 0.6 

S.0100100010  ↓  ↑  ↓   ↓  ↑  ↓   ↓   ↓  ↑  ↓   40.8 9.0 0.1 0.6 

S.0111101011  ↓  ↑ ↑ ↑ ↑  ↓  ↑  ↓  ↑ ↑  56.4 7.0 0.1 0.6 

S.0111101110  ↓  ↑ ↑ ↑ ↑  ↓  ↑ ↑ ↑  ↓   92.0 7.0 0.0 0.6 

S.0110111110  ↓  ↑ ↑  ↓  ↑ ↑ ↑ ↑ ↑  ↓   56.5 7.0 0.1 0.6 

S.0100011011  ↓  ↑  ↓   ↓   ↓  ↑ ↑  ↓  ↑ ↑  0.0 1.0 0.1 0.6 

S.0110010010  ↓  ↑ ↑  ↓   ↓  ↑  ↓   ↓  ↑  ↓   47.4 5.0 0.1 0.6 

S.0100101001  ↓  ↑  ↓   ↓  ↑  ↓  ↑  ↓   ↓  ↑  58.5 5.0 0.1 0.6 

S.0001101001  ↓   ↓   ↓  ↑ ↑  ↓  ↑  ↓   ↓  ↑  49.4 7.0 0.0 0.6 

S.0110000101  ↓  ↑ ↑  ↓   ↓   ↓   ↓  ↑  ↓  ↑  37.6 7.0 0.1 0.6 

S.0111001100  ↓  ↑ ↑ ↑  ↓   ↓  ↑ ↑  ↓   ↓   0.0 1.0 0.0  0.6 

S.0101011000  ↓  ↑  ↓  ↑  ↓  ↑ ↑  ↓   ↓   ↓   37.6 7.0 0.1   0.6 
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S.0000101101 ↓  ↓  ↓  ↓  ↑  ↓  ↑  ↑  ↓  ↑ 39.5 5 0.2 0.6 

S.0011000101 ↓  ↓  ↑  ↑  ↓  ↓  ↓  ↑  ↓  ↑ 39.3 5 0.2 0.6 

S.0011100001 ↓  ↓  ↑  ↑  ↑  ↓  ↓  ↓  ↓  ↑ 39.4 5 0.2 0.6 

S.0000011110 ↓  ↓  ↓  ↓  ↓  ↑  ↑  ↑  ↑  ↓ 39.4 5 0.1 0.6 

S.0110010101 ↓  ↑  ↑  ↓  ↓  ↑  ↓  ↑  ↓  ↑ 0 1 0.1 0.6 

S.0110001011 ↓  ↑  ↑  ↓  ↓  ↓  ↑  ↓  ↑  ↑ 0 1 0.1 0.6 

S.0010101100 ↓  ↓  ↑  ↓  ↑  ↓  ↑  ↑  ↓  ↓ 39.3 5 0.2 0.6 

S.0011010010 ↓  ↓  ↑  ↑  ↓  ↑  ↓  ↓  ↑  ↓ 39.5 5 0.2 0.6 

S.0011001010 ↓  ↓  ↑  ↑  ↓  ↓  ↑  ↓  ↑  ↓ 39.3 5 0.2 0.6 

S.0001011100 ↓  ↓  ↓  ↑  ↓  ↑  ↑  ↑  ↓  ↓ 39.3 5 0.2 0.6 

S.0110111000 ↓  ↑  ↑  ↓  ↑  ↑  ↑  ↓  ↓  ↓ 0 1 0.1 0.6 

S.0101011001 ↓  ↑  ↓  ↑  ↓  ↑  ↑  ↓  ↓  ↑ 0 1 0.1 0.6 

S.0110000110 ↓  ↑  ↑  ↓  ↓  ↓  ↓  ↑  ↑  ↓ 39.1 5 0.1 0.6 

S.0101101000 ↓  ↑  ↓  ↑  ↑  ↓  ↑  ↓  ↓  ↓ 39.1 5 0.1 0.6 

S.0011100101 ↓  ↓  ↑  ↑  ↑  ↓  ↓  ↑  ↓  ↑ 0 1 0.1 0.6 

S.0001011110 ↓  ↓  ↓  ↑  ↓  ↑  ↑  ↑  ↑  ↓ 0 1 0.1 0.6 

S.0010101101 ↓  ↓  ↑  ↓  ↑  ↓  ↑  ↑  ↓  ↑ 0 1 0.1 0.6 

S.0101101100 ↓  ↑  ↓  ↑  ↑  ↓  ↑  ↑  ↓  ↓ 0 1 0.1 0.6 

S.0111000110 ↓  ↑  ↑  ↑  ↓  ↓  ↓  ↑  ↑  ↓ 0 1 0.1 0.6 

S.0011011010 ↓  ↓  ↑  ↑  ↓  ↑  ↑  ↓  ↑  ↓ 0 1 0.1 0.6 

S.0100101000 ↓  ↑  ↓  ↓  ↑  ↓  ↑  ↓  ↓  ↓ 42.3 9 0.0 0.6 

S.0110000010 ↓  ↑  ↑  ↓  ↓  ↓  ↓  ↓  ↑  ↓ 42.3 9 0.0 0.6 

S.0111100000 ↓  ↑  ↑  ↑  ↑  ↓  ↓  ↓  ↓  ↓ 27.3 7 0.0 0.6 
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S.0100001110 ↓  ↑  ↓  ↓  ↓  ↓  ↑  ↑  ↑  ↓ 27.2 7 0.0 0.6 

S.0000101100 ↓  ↓  ↓  ↓  ↑  ↓  ↑  ↑  ↓  ↓ 41.2 9 0.1 0.6 

S.0000011100 ↓  ↓  ↓  ↓  ↓  ↑  ↑  ↑  ↓  ↓ 38.2 9 0.1 0.6 

S.0011000001 ↓  ↓  ↑  ↑  ↓  ↓  ↓  ↓  ↓  ↑ 41.2 9 0.1 0.6 

S.0011000010 ↓  ↓  ↑  ↑  ↓  ↓  ↓  ↓  ↑  ↓ 41.2 9 0.1 0.6 

S.0011001101 ↓  ↓  ↑  ↑  ↓  ↓  ↑  ↑  ↓  ↑ 65.5 3 0.0 0.6 

S.0111010001 ↓  ↑  ↑  ↑  ↓  ↑  ↓  ↓  ↓  ↑ 0 1 0.1 0.6 

S.0011011100 ↓  ↓  ↑  ↑  ↓  ↑  ↑  ↑  ↓  ↓ 65.5 3 0.0 0.6 

S.0011001110 ↓  ↓  ↑  ↑  ↓  ↓  ↑  ↑  ↑  ↓ 65.6 3 0.0 0.6 

S.0011101100 ↓  ↓  ↑  ↑  ↑  ↓  ↑  ↑  ↓  ↓ 65.5 3 0.0 0.6 

S.0100011101 ↓  ↑  ↓  ↓  ↓  ↑  ↑  ↑  ↓  ↑ 0 1 0.1 0.6 

S.0100101011 ↓  ↑  ↓  ↓  ↑  ↓  ↑  ↓  ↑  ↑ 0 1 0.1 0.6 

S.0011000111 ↓  ↓  ↑  ↑  ↓  ↓  ↓  ↑  ↑  ↑ 0 1 0.1 0.6 

S.0001111100 ↓  ↓  ↓  ↑  ↑  ↑  ↑  ↑  ↓  ↓ 0 1 0.1 0.6 

S.0010111100 ↓  ↓  ↑  ↓  ↑  ↑  ↑  ↑  ↓  ↓ 0 1 0.1 0.6 

S.0011001011 ↓  ↓  ↑  ↑  ↓  ↓  ↑  ↓  ↑  ↑ 0 1 0.1 0.6 

S.0111010010 ↓  ↑  ↑  ↑  ↓  ↑  ↓  ↓  ↑  ↓ 0 1 0.1 0.6 

S.0111011010 ↓  ↑ ↑ ↑ ↓  ↑  ↓  ↑ ↓ 26.0 5.0 0.2 0.7 

S.0100011010 ↓  ↑ ↓  ↓  ↓  ↑ ↑ ↓  ↑ ↓ 25.8 5.0 0.2 0.7 

S.0100101101 ↓  ↑ ↓  ↓  ↑ ↓  ↑ ↑ ↓  ↑ 0.0 1.0 0.1 0.7 

S.0111100110 ↓  ↑ ↑ ↑ ↑ ↓  ↓  ↑ ↑ ↓ 33.2 3.0 0.1 0.7 

S.0101101110 ↓  ↑ ↓  ↑ ↑ ↓  ↑ ↑ ↑ ↓ 32.4 3.0 0.1 0.7 

S.0011101101 ↓  ↓  ↑ ↑ ↑ ↓  ↑ ↑ ↓  ↑ 0.0 1.0 0.0 0.7 
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S.0011011110 ↓  ↓  ↑ ↑ ↓  ↑ ↑ ↑ ↑ ↓ 0.0 1.1 0.0 0.7 

S.0111101100 ↓  ↑ ↑ ↑ ↑ ↓  ↑ ↑ ↓  ↓ 0.0 1.0 0.0 0.7 

S.0101100010 ↓  ↑ ↓  ↑ ↑ ↓  ↓  ↓  ↑ ↓ 32.4 5.0 0.1 0.7 

S.0111001110 ↓  ↑ ↑ ↑ ↓  ↓  ↑ ↑ ↑ ↓ 0.0 1.0 0.0 0.7 

S.0100100110 ↓  ↑ ↓  ↓  ↑ ↓  ↓  ↑ ↑ ↓ 35.6 5.0 0.1 0.7 

S.0010011110 ↓  ↓  ↑ ↓  ↓  ↑ ↑ ↑ ↑ ↓ 61.6 3.0 0.1 0.7 

S.0011010110 ↓  ↓  ↑ ↑ ↓  ↑ ↓  ↑ ↑ ↓ 60.1 3.0 0.1 0.7 

S.0001101101 ↓  ↓  ↓  ↑ ↑ ↓  ↑ ↑ ↓  ↑ 61.9 3.0 0.1 0.7 

S.0011101001 ↓  ↓  ↑ ↑ ↑ ↓  ↑ ↓  ↓  ↑ 59.8 3.0 0.1 0.7 

S.0110001100 ↓  ↑ ↑ ↓  ↓  ↓  ↑ ↑ ↓  ↓ 27.7 7.0 0.1 0.7 

S.0110000011 ↓  ↑ ↑ ↓  ↓  ↓  ↓  ↓  ↑ ↑ 37.4 5.0 0.1 0.7 

S.0100111000 ↓  ↑ ↓  ↓  ↑ ↑ ↑ ↓  ↓  ↓ 37.4 5.0 0.1 0.7 

S.0111001000 ↓  ↑ ↑ ↑ ↓  ↓  ↑ ↓  ↓  ↓ 29.4 6.5 0.0 0.7 

S.0111010011 ↓  ↑ ↑ ↑ ↓  ↑ ↓  ↓  ↑ ↑ 32.5 3.0 0.1 0.7 

S.0110111010 ↓  ↑ ↑ ↓  ↑ ↑ ↑ ↓  ↑ ↓ 33.8 3.0 0.1 0.7 

S.0100111101 ↓  ↑ ↓  ↓  ↑ ↑ ↑ ↑ ↓  ↑ 33.7 3.0 0.1 0.7 

S.0111101000 ↓  ↑ ↑ ↑ ↑ ↓  ↑ ↓  ↓  ↓ 41.9 3.0 0.1 0.7 

S.0110001110 ↓  ↑ ↑ ↓  ↓  ↓  ↑ ↑ ↑ ↓ 42.0 3.0 0.1 0.7 

S.0000110101 ↓  ↓  ↓  ↓  ↑ ↑ ↓  ↑ ↓  ↑ 34.4 5.0 0.2 0.7 

S.0001010011 ↓  ↓  ↓  ↑ ↓  ↑ ↓  ↓  ↑ ↑ 34.4 5.0 0.2 0.7 

S.0000111010 ↓  ↓  ↓  ↓  ↑ ↑ ↑ ↓  ↑ ↓ 34.3 5.0 0.2 0.7 

S.0010100011 ↓  ↓  ↑ ↓  ↑ ↓  ↓  ↓  ↑ ↑ 34.3 5.0 0.2 0.7 

S.0110011010 ↓  ↑ ↑ ↓  ↓  ↑ ↑ ↓  ↑ ↓ 0.0 1.0 0.1 0.7 
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S.0110101001 ↓  ↑ ↑ ↓  ↑ ↓  ↑ ↓  ↓  ↑ 0.0 1.0 0.1 0.7 

S.0101100011 ↓  ↑ ↓  ↑ ↑ ↓  ↓  ↓  ↑ ↑ 50.0 3.0 0.0 0.7 

S.0010010111 ↓  ↓  ↑ ↓  ↓  ↑ ↓  ↑ ↑ ↑ 41.2 3.0 0.1 0.7 

S.0100110110 ↓  ↑ ↓  ↓  ↑ ↑ ↓  ↑ ↑ ↓ 49.9 3.0 0.0 0.7 

S.0001101011 ↓  ↓  ↓  ↑ ↑ ↓  ↑ ↓  ↑ ↑ 41.2 3.0 0.1 0.7 

S.0010110110 ↓  ↓  ↑ ↓  ↑ ↑ ↓  ↑ ↑ ↓ 41.2 3.0 0.1 0.7 

S.0000110110 ↓  ↓  ↓  ↓  ↑ ↑ ↓  ↑ ↑ ↓ 24.2 6.7 0.0 0.7 

S.0001111001 ↓  ↓  ↓  ↑ ↑ ↑ ↑ ↓  ↓  ↑ 41.2 3.0 0.1 0.7 

S.0110010110 ↓  ↑ ↑ ↓  ↓  ↑ ↓  ↑ ↑ ↓ 71.8 3.0 0.1 0.7 

S.0000111001 ↓  ↓  ↓  ↓  ↑ ↑ ↑ ↓  ↓  ↑ 25.7 6.5 0.0 0.7 

S.0010010011 ↓  ↓  ↑ ↓  ↓  ↑ ↓  ↓  ↑ ↑ 25.6 6.5 0.0 0.7 

S.0111001011 ↓  ↑ ↑ ↑ ↓  ↓  ↑ ↓  ↑ ↑ 32.3 3.0 0.1 0.7 

S.0110111100 ↓  ↑ ↑ ↓  ↑ ↑ ↑ ↑ ↓  ↓ 32.3 3.0 0.1 0.7 

S.0001100011 ↓  ↓  ↓  ↑ ↑ ↓  ↓  ↓  ↑ ↑ 25.5 6.5 0.0 0.7 

S.0111001001 ↓  ↑ ↑ ↑ ↓  ↓  ↑ ↓  ↓  ↑ 0.0 1.0 0.1 0.7 

S.0110011100 ↓  ↑ ↑ ↓  ↓  ↑ ↑ ↑ ↓  ↓ 0.0 1.0 0.1 0.7 

S.0010010101 ↓  ↓  ↑ ↓  ↓  ↑ ↓  ↑ ↓  ↑ 24.2 6.5 0.0 0.7 

S.0001011001 ↓  ↓  ↓  ↑ ↓  ↑ ↑ ↓  ↓  ↑ 23.9 6.5 0.0 0.7 

S.0110011001 ↓  ↑ ↑ ↓  ↓  ↑ ↑ ↓  ↓  ↑ 104.3 3.0 0.0 0.7 

S.0001111101 ↓  ↓  ↓  ↑ ↑ ↑ ↑ ↑ ↓  ↑ 0.0 1.0 0.1 0.7 

S.0011010111 ↓  ↓  ↑ ↑ ↓  ↑ ↓  ↑ ↑ ↑ 0.0 1.0 0.1 0.7 

S.0001101010 ↓  ↓  ↓  ↑ ↑ ↓  ↑ ↓  ↑ ↓ 24.0 6.5 0.0 0.7 

S.0010111110 ↓  ↓  ↑ ↓  ↑ ↑ ↑ ↑ ↑ ↓ 0.0 1.0 0.1 0.7 
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S.0011101011 ↓  ↓  ↑ ↑ ↑ ↓  ↑ ↓  ↑ ↑ 0.0 1.0 0.1 0.7 

S.0000110011 ↓  ↓  ↓  ↓  ↑ ↑ ↓  ↓  ↑ ↑ 52.4 9.0 0.0 0.7 

S.0011011101 ↓  ↓  ↑ ↑ ↓  ↑ ↑ ↑ ↓  ↑ 0.0 1.0 0.0 0.7 

S.0011101110 ↓  ↓  ↑ ↑ ↑ ↓  ↑ ↑ ↑ ↓ 0.0 1.0 0.0 0.7 

S.0011010101 ↓  ↓  ↑ ↑ ↓  ↑ ↓  ↑ ↓  ↑ 112.4 2.6 0.0 0.7 

S.0111100001 ↓  ↑ ↑ ↑ ↑ ↓  ↓  ↓  ↓  ↑ 98.4 2.7 0.0 0.7 

S.0001011101 ↓  ↓  ↓  ↑ ↓  ↑ ↑ ↑ ↓  ↑ 114.6 2.6 0.0 0.7 

S.0010101110 ↓  ↓  ↑ ↓  ↑ ↓  ↑ ↑ ↑ ↓ 50.6 3.0 0.0 0.7 

S.0011101010 ↓  ↓  ↑ ↑ ↑ ↓  ↑ ↓  ↑ ↓ 48.4 3.0 0.0 0.7 

S.0100011110 ↓  ↑ ↓  ↓  ↓  ↑ ↑ ↑ ↑ ↓ 98.5 2.7 0.0 0.7 

S.0110101000 ↓  ↑ ↑ ↓  ↑ ↓  ↑ ↓  ↓  ↓ 61.6 7.0 0.0 0.7 

S.0110001010 ↓  ↑ ↑ ↓  ↓  ↓  ↑ ↓  ↑ ↓ 61.7 7.0 0.0 0.7 

S.0101101011 ↓  ↑ ↓  ↑ ↑ ↓  ↑ ↓  ↑ ↑ 0.0 1.0 0.1 0.7 

S.0101001010 ↓  ↑ ↓  ↑ ↓  ↓  ↑ ↓  ↑ ↓ 33.9 5.0 0.2 0.7 

S.0110110110 ↓  ↑ ↑ ↓  ↑ ↑ ↓  ↑ ↑ ↓ 0.0 1.0 0.1 0.7 

S.0111101001 ↓  ↑ ↑ ↑ ↑ ↓  ↑ ↓  ↓  ↑ 0.0 1.0 0.0 0.7 

S.0110100100 ↓  ↑ ↑ ↓  ↑ ↓  ↓  ↑ ↓  ↓ 33.9 5.0 0.2 0.7 

S.0110011110 ↓  ↑ ↑ ↓  ↓  ↑ ↑ ↑ ↑ ↓ 0.0 1.0 0.0 0.7 

S.0010011101 ↓  ↓  ↑ ↓  ↓  ↑ ↑ ↑ ↓  ↑ 93.8 2.3 0.0 0.7 

S.0011100110 ↓  ↓  ↑ ↑ ↑ ↓  ↓  ↑ ↑ ↓ 100.8 2.3 0.0 0.7 

S.0011011001 ↓  ↓  ↑ ↑ ↓  ↑ ↑ ↓  ↓  ↑ 103.5 2.3 0.0 0.7 

S.0001101110 ↓  ↓  ↓  ↑ ↑ ↓  ↑ ↑ ↑ ↓ 102.2 2.3 0.0 0.7 

S.0100111001 ↓  ↑ ↓  ↓  ↑ ↑ ↑ ↓  ↓  ↑ 55.8 3.0 0.1 0.7 
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S.0110010011 ↓  ↑ ↑ ↓  ↓  ↑ ↓  ↓  ↑ ↑ 55.8 3.0 0.1 0.7 

S.0111011001 ↓  ↑ ↑ ↑ ↓  ↑ ↑ ↓  ↓  ↑ 0.0 1.0 0.1 0.7 

S.0110011101 ↓  ↑ ↑ ↓  ↓  ↑ ↑ ↑ ↓  ↑ 0.0 1.0 0.1 0.7 

S.0110111001 ↓  ↑ ↑  ↓  ↑ ↑ ↑  ↓   ↓  ↑ 0.0 1.0 0.1 0.7 

S.0000011101 ↓   ↓   ↓   ↓   ↓  ↑ ↑ ↑  ↓  ↑ 60.9 7.0 0.0 0.8 

S.0000101110 ↓   ↓   ↓   ↓  ↑  ↓  ↑ ↑ ↑  ↓ 60.8 7.0 0.0 0.8 

S.0011010001 ↓   ↓  ↑ ↑  ↓  ↑  ↓   ↓   ↓  ↑ 60.8 7.0 0.0 0.8 

S.0010100110 ↓   ↓  ↑  ↓  ↑  ↓   ↓  ↑ ↑  ↓ 38.0 6.3 0.0 0.8 

S.0011100010 ↓   ↓  ↑ ↑ ↑  ↓   ↓   ↓  ↑  ↓ 60.7 7.0 0.0 0.8 

S.0111000001 ↓  ↑ ↑ ↑  ↓   ↓   ↓   ↓   ↓  ↑ 55.2 6.6 0.0 0.8 

S.0100011100 ↓  ↑  ↓   ↓   ↓  ↑ ↑ ↑  ↓   ↓ 55.1 6.6 0.0 0.8 

S.0010100101 ↓   ↓  ↑  ↓  ↑  ↓   ↓  ↑  ↓  ↑ 54.7 9.0 0.0 0.8 

S.0001011010 ↓   ↓   ↓  ↑  ↓  ↑ ↑  ↓  ↑  ↓ 54.8 9.0 0.0 0.8 

S.0000110111 ↓   ↓   ↓   ↓  ↑ ↑  ↓  ↑ ↑ ↑ 28.1 5.0 0.1 0.8 

S.0000111011 ↓   ↓   ↓   ↓  ↑ ↑ ↑  ↓  ↑ ↑ 28.0 5.0 0.1 0.8 

S.0010110011 ↓   ↓  ↑  ↓  ↑ ↑  ↓   ↓  ↑ ↑ 28.0 5.0 0.1 0.8 

S.0001110011 ↓   ↓   ↓  ↑ ↑ ↑  ↓   ↓  ↑ ↑ 28.0 5.0 0.1 0.8 

S.0101111010 ↓  ↑  ↓  ↑ ↑ ↑ ↑  ↓  ↑  ↓ 0.0 1.0 0.1 0.8 

S.0110100111 ↓  ↑ ↑  ↓  ↑  ↓   ↓  ↑ ↑ ↑ 0.0 1.0 0.1 0.8 

S.0111100011 ↓  ↑ ↑ ↑ ↑  ↓   ↓   ↓  ↑ ↑ 26.6 3.0 0.1 0.8 

S.0000111111 ↓   ↓   ↓   ↓  ↑ ↑ ↑ ↑ ↑ ↑ 0.0 1.0 0.1 0.8 

S.0010110101 ↓   ↓  ↑  ↓  ↑ ↑  ↓  ↑  ↓  ↑ 27.0 5.0 0.1 0.8 

S.0001011011 ↓   ↓   ↓  ↑  ↓  ↑ ↑  ↓  ↑ ↑ 27.0 5.0 0.1 0.8 
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S.0100111110 ↓  ↑  ↓   ↓  ↑ ↑ ↑ ↑ ↑  ↓ 26.7 3.0 0.1 0.8 

S.0010100111 ↓   ↓  ↑  ↓  ↑  ↓   ↓  ↑ ↑ ↑ 27.0 5.0 0.1 0.8 

S.0011110011 ↓   ↓  ↑ ↑ ↑ ↑  ↓   ↓  ↑ ↑ 0.0 1.0 0.1 0.8 

S.0001111010 ↓   ↓   ↓  ↑ ↑ ↑ ↑  ↓  ↑  ↓ 27.0 5.0 0.1 0.8 

S.0111101010 ↓  ↑ ↑ ↑ ↑  ↓  ↑  ↓  ↑  ↓ 27.6 3.0 0.1 0.8 

S.0110101010 ↓  ↑ ↑  ↓  ↑  ↓  ↑  ↓  ↑  ↓ 0.0 1.0 0.1 0.8 

S.0101011010 ↓  ↑  ↓  ↑  ↓  ↑ ↑  ↓  ↑  ↓ 24.4 5.0 0.1 0.8 

S.0111000011 ↓  ↑ ↑ ↑  ↓   ↓   ↓   ↓  ↑ ↑ 0.0 1.0 0.1 0.8 

S.0110100101 ↓  ↑ ↑  ↓  ↑  ↓   ↓  ↑  ↓  ↑ 24.4 5.0 0.1 0.8 

S.0100111100 ↓  ↑  ↓   ↓  ↑ ↑ ↑ ↑  ↓   ↓ 0.0 1.0 0.1 0.8 

S.0111100010 ↓  ↑ ↑ ↑ ↑  ↓   ↓   ↓  ↑  ↓ 0.0 1.0 0.1 0.9 

S.0100101110 ↓  ↑  ↓   ↓  ↑  ↓  ↑ ↑ ↑  ↓ 0.0 1.0 0.1 0.9 

S.0100101010 ↓  ↑  ↓   ↓  ↑  ↓  ↑  ↓  ↑  ↓ 40.7 7.0 0.1 0.9 

S.0110100010 ↓  ↑ ↑  ↓  ↑  ↓   ↓   ↓  ↑  ↓ 40.7 7.0 0.1 0.9 

S.0111001010 ↓  ↑ ↑ ↑  ↓   ↓  ↑  ↓  ↑  ↓ 0.0 1.0 0.1 0.9 

S.0000111100 ↓   ↓   ↓   ↓  ↑ ↑ ↑ ↑  ↓   ↓ 42.2 7.0 0.1 0.9 

S.0100101100 ↓  ↑  ↓   ↓  ↑  ↓  ↑ ↑  ↓   ↓ 43.5 7.0 0.1 0.9 

S.0111000010 ↓  ↑ ↑ ↑  ↓   ↓   ↓   ↓  ↑  ↓ 43.6 7.0 0.1 0.9 

S.0011000011 ↓   ↓  ↑ ↑  ↓   ↓   ↓   ↓  ↑ ↑ 42.2 7.0 0.1 0.9 

S.0110100011 ↓   ↑  ↑  ↓   ↑  ↓   ↓   ↓   ↑  ↑ 64.6 2.4 0.0 0.9 

S.0110100110 ↓   ↑  ↑  ↓   ↑  ↓   ↓   ↑  ↑  ↓ 55.0 2.5 0.0 0.9 

S.0000111101 ↓   ↓   ↓   ↓   ↑  ↑  ↑  ↑  ↓   ↑ 51.1 2.5 0.0 0.9 

S.0101101010 ↓   ↑  ↓   ↑  ↑  ↓   ↑  ↓   ↑  ↓ 42.8 2.7 0.0 0.9 
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S.0011100011 ↓   ↓   ↑  ↑  ↑  ↓   ↓   ↓   ↑  ↑ 56.3 2.4 0.0 0.9 

S.0011010011 ↓   ↓   ↑  ↑  ↓   ↑  ↓   ↓   ↑  ↑ 58.0 2.4 0.0 0.9 

S.0000111110 ↓   ↓   ↓   ↓   ↑  ↑  ↑  ↑  ↑  ↓ 56.0 2.3 0.0 1.0 

The spin ordering of Mn atoms in the cluster are arranged according to their energy as shown in 

the table above. The first 10 cluster with different spin ordering are selected and again optimized by 

running several iteration in order to find the lower energy clusters compare to the ferromagnetic one. 

These optimized clusters are again investigated by computing MAE, M.M, H-L gap and E-EFM which are 

shown in the table below. 

Table 3.24: Data for optimized lowest energy molecules for the As21Ni2Mn10 system 

Systems MAE (K) M.M 𝝁𝑩 H-L gap (eV) EAFM-EFM (eV) 

S.000010001   ↓ ↓ ↓ ↓ ↓ ↑ ↓ ↓ ↓ ↑  35.58 13 0.27 -0.12 

S.0000000100 ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↑ ↓ ↓  26.63 15 0.2 -0.02 

S.0001000000 ↓ ↓ ↓ ↑ ↓ ↓ ↓ ↓ ↓ ↓  27.08 15 0.2 0.01 

S.0111110100 ↓ ↑ ↑ ↑ ↑ ↑ ↓ ↑ ↓ ↓  23.06 3 0.22 0.07 

S.0000100000 ↓ ↓ ↓ ↓ ↑ ↓ ↓ ↓ ↓ ↓  26.86 15 0.19 0.09 

S.0000010000 ↓ ↓ ↓ ↓ ↓ ↑ ↓ ↓ ↓ ↓  25.55 15 0.13 0.10 

S.0000000010 ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↑ ↓  25.60 15 0.14 0.10 

S.0010001000 ↓ ↓ ↑ ↓ ↓ ↓ ↑ ↓ ↓ ↓  25.80 13 0.11 0.13 

S.0001000100 ↓ ↓ ↓ ↑ ↓ ↓ ↓ ↑ ↓ ↓  26.62 13 0.11 0.13 

S.0000010001 ↓ ↓ ↓ ↓ ↓ ↑ ↓ ↓ ↓ ↑  29.35 13 0.18 0.14 

S.0000001000 ↓ ↓ ↓ ↓ ↓ ↓ ↑ ↓ ↓ ↓  25.81 15 0.12 0.16 

S.0010000000 ↓ ↓ ↑ ↓ ↓ ↓ ↓ ↓ ↓ ↓  25.82 15 0.12 0.16 

S.0000100001 ↓ ↓ ↓ ↓ ↑ ↓ ↓ ↓ ↓ ↑  41.69 13 0.15 0.18 

S.0000010010 ↓ ↓ ↓ ↓ ↓ ↑ ↓ ↓ ↑ ↓  41.40 13 0.15 0.19 

 

In the above table it is evident that the first two clusters have lower energy compare to the 

ferromagnetic case. The cluster with spin ordering S.000010001 has the lowest energy and it can be 
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considered as the most favorable cluster of the As@Ni2Mn10@As20 system which has magnetic anisotropy 

energy of 35.58 K. In the S.000010001 spin ordering, eight of the Mn atoms have spin down (0) and the 

other two Mn atoms have up spin (1). 
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CHAPTER 4: CONCLUSIONS 

We have investigated the Mn doped As@Ni12-xMnx@As20 cages for x=1-10.  The As@Ni12@As20 

cage is symmetric and as a result does not have any magnetic anisotropy.  In this cage each Ni atom is 

coordinated with five As atoms.  The Ni atoms form an icosahedral inner cage and thus each Ni atom is 

also coordinated to five other Ni atoms. The doping is substitutional in nature, that is, Ni atoms are 

replaced by the Mn atoms. As a result, the Mn atoms in these clusters also have similar coordination with 

As and Ni/other Mn atoms. The substitutional doping of As atoms by multiple Mn atoms can result in 

various different isomers. We considered all possible substitutional ordering/permutations, that is, for a 

given x in As@Ni12-xMnx@As20 all possible isomers arising due to different configurations of 

substitutional doping were considered. The resultant geometry of every such an isomer was optimized 

simultaneously with spin optimization to find most stable isomers with ferromagnetic spin ordering.  

These results indicated that the spin charges are mainly located on the Mn atoms.  Due to this reason, the 

search of possible ferrimagnetic spin ordering involved spin orientations of only Mn atoms.  We find that 

the doping by Mn increases the atomization energy of the whole cluster. The atomization energy of the 

parent As@Ni12@As20 cage is 4.8 eV which increases to 5.86 eV for the As@Ni2Mn10@As20 cluster. The 

As-Mn bonds are shorter than the As-Ni bonds and the overall cluster size is reduced.  The lowest energy 

isomers have a relatively large HOMO-LUMO gap compared to pure metal clusters due to the 

coordination with the As atoms. We stress that the HOMO-LUMO gap is typically underestimated in DFT 

and therefore the gaps are likely to be even larger.  The larger gaps also indicate higher chemical stability 

of the clusters. In general our study which included a large number of isomers indicated that the Ni12-xMnx 

alloy clusters within the As20 cage exhibit a rich phase space with a large number of possible spin states.  

This is particularly true for clusters with larger number of Mn atoms.  The clusters with ferrimagnetic spin 

ordering are found to be more stable compared to those with ferromagnetic ordering. It can be mentioned 

here that in the pure Mn clusters also anti-ferromagnetic or ferrimagentic spin ordering is preferred. The 
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spin charges on the Mn atoms range from 2 – 3 B in the alloy clusters, which are lower than the spin 

charge in pure Mn clusters. The net spin moment of the alloy clusters is lower than the spin of single 

molecule magnets with similar number of Mn ions. For example, the As21Mn10Ni2 cluster has a spin 

moment of 15 B which is lower than the Mn10 SMM which has S=13 in the ground state.  The magnetic 

anisotropy energy in this cluster is 35K as opposed to the calculated value of 9.5K of Mn10 SMM. 

However, these comparisons are not straightforward since the configuration of the cluster and the SMM 

are significantly different. The encapsulation within the As20 cage helps in stabilizing the alloy cluster and 

making it chemically more stable, the metallic bonds within the MnxNi12-x cluster reduce the spin moment 

on each Mn atom.  The magnetic anisotropy energy of the As21Ni2Mn10 system is larger than the Mn10 

SMM, but it is still much smaller that the room temperature to be viable for storage devices.  Moreover, 

these clusters have a large number of low-lying spin states. On the other hand the encapsulation is a good 

way to make the cluster chemically more stable and larger encapsulated clusters or multi atom doped 

clusters may have better technological potential.   
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