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Abstract

Continuous reduction in transistors size has become a mandatory approach
to keep pace with the rapidly increasing complex integrated circuits (IC).
However, this continuous downscaling of the transistor has approached to
a limit as the charge based semiconductor device started facing several
problems namely short channel effects (SCE) which degrades the
performance of the device. Therefore, several novel approaches have been
explored by the researchers to prevail these barricades. Spintronics is one
of these emerging technologies which can overcome this problem.
Magnetic random-access memory (MRAM) and spin-transfer torque
random-access memory (STT-RAM) are those two new technologies
which could revolutionize in quantum computing and memory industry.
Both of these MRAM as well as STT-RAM consist of magnetic tunnel
junction (MTJ), which works on the principle of spintronics. MTJ consists
of one insulating layer sandwiched between two ferromagnetic layers. The
tunneling current in MTJ depends on the relative orientation of
magnetizations of the two ferromagnetic layers. Half-metallic materials
play a very crucial role in MTJ since it can provide 100% spin-polarized
current.

Transition metal-free ferromagnetism and half-metallicity in atomically
thin 2D materials have drawn considerable attention among the
researchers due to its potential application in spintronics. Main-group
based materials play a very crucial role in this context due to their longer
spin-relaxation time. In recent times, several van der Waals layered
materials have gained lot of attention for their interesting magnetic
properties and easily exfoliation properties. However, many cases the
Curie temperature for these materials is much lower than even room
temperature. Therefore, more efforts need to be devoted to achieve robust
ferromagnetism, half-metallicity along with high Curie temperature in two

dimensional as well as one dimensional material.
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The contents of each chapter included in the thesis are discussed briefly as

follows:
1. Introduction

In this chapter, a brief overview of the recent trends in the memory device,
new emerging technologies in memory application and role of spintronics
in these emerging technologies have been discussed. However, we have
mainly focused on low dimensional (2D and 1D) main group based
materials for spintronics applications. The basic working principle of
spintronics device has also been discussed to explain the potential
applicability of ferromagnetism and half-metallicity in low dimensional
materials. Besides, classification of different spintronics materials, recent
advancement in designing these materials for spintronics application has
also been addressed. Further to this, the advantage of low dimensional
material over the bulk materials has been discussed. Magnetic properties,
calculation of Curie temperature and strain sustainability of the half-
metallicity have also been discussed. In addition to that, introduction of

molecular spintronics and its significance has also been discussed.

The last part of this chapter presents the basics of density functional theory
(DFT) which has been used to model all our systems. We have discussed
spin-polarized density functional theory since all the magnetic calculations
are done using spin-based DFT. Theoretical insights, as well as a
comparative analysis of different functional (GGA-PBE, PBE+U, PBEsol
and HSEO6), has also been discussed in this section. Furthermore, in this
section, we have discussed the basic theory of phonon dispersion and ab
initio molecular dynamics (AIMD) simulation which are used to
investigate the stability of the system. We have also included the basic
theory for calculating Curie temperature using mean-field theory and
Monte Carlo simulation. Designing of molecular spintronics device is also

discussed in this section. Furthermore, spin-resolved transport calculation
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and current-voltage (I —V) characteristics calculations using non-

equilibrium Green’s function (NEGF) has been discussed in this section.

2. Ferromagnetism in Magnesium Chloride Monolayer with an

Unusually Large Spin-up Gap

In this chapter, we report a novel main group based ferromagnetic half-
metallic material (Mgo.g9001:Cl2) with an unusually large spin-up gap
(6.135 eV) for its possible application in the domain of spintronics.
Modelling of this half-metallic material is done by defect engineering in
pure MgCl, monolayer system. Such defect engineering creates holes in
the pure MgCl, monolayer system, which in turn introduces magnetism in
MgCl, based system. Interestingly, all our defect induced systems exhibits
half-metallic properties. Among all these systems, Mg s900.11Cl> combines
the two most important properties (large spin-up gap and Dirac like
dispersion in its bandstructure) which can prevent the spin current leakage
and provide scattering less spin-transport in nano-spintronics device.
Alkaline earth halides based MgCl, was chosen for our study because it is
geologically abundant among all the other alkaline earth halides, posses a
van der Waals layered structure and has an extremely wide insulating gap
of 6.01 eV. Moreover, monolayer and multilayer MgCl; thin films have
been experimentally synthesized on various transition metal single crystal
surfaces, such as Pd (111) and (100), Pt (111) and (100)-hex and Rh (111),
by using molecular beam epitaxy (MBE) and low energy electron
diffraction (LEED) method. Our calculated exfoliation energy (0.16 J/m?)
indicates that MgCl, can be easily exfoliated from its layered bulk phase.
The electronic and magnetic properties explore that the magnetism and
half-metallicity in Mgog900.11Cl, originate from the CI 3p orbitals. The
detailed orbital resolved bandstructure also confirms that the CI 3p orbitals
are the main contributor towards half-metallicity. Moreover,
M0o.8900.11Cl> system explores a ferromagnetic ground state with the Curie

temperature of 250 K. Stability analysis of Mgo.g900.11Cl, indicate that our



system is stable at 300 K. The calculated magnetic anisotropy energy
(MAE) in Mgo.g900.11Cl, is found to be 452.84 ueV/Mg vacancy, which
indicates the high energy is required for spin-fluctuation, thus signifies the
robustness of spin orientation. Furthermore, such system sustains its half-
metallic character even after application of external strain as well as the
electric field. Therefore, such system is very promising for scattering less

spin transport for next-generation in spintronics devices.

3. Defect Induced Ferromagnetism and Half-Metallicity in Cal, Based
Monolayer for Spintronics Applications

In this chapter, another van der Waals layered halide material Cal, was
chosen for investigating its possible spintronics application. Similar to
MgCl, monolayer, Cal, monolayer can also be exfoliated easily since it
has exfoliation energy of 0.15 J/m?. This Cal, is also posses insulating
property with much a gap of 3.85 eV. Magnetism and half-metallicity in
Cal, monolayer are induced via hole doping. Creation of single or pattern
Ca vacancy effectively introduces holes in the system. Our thorough study
shows that only single Ca vacancy induced system exhibits half-metallic
property with a spin-up gap of 3.84 eV. All the other pattern vacancy
induced Cal, based systems are found to be metallic in nature. Spin-
polarized partial density of states, as well as orbital resolved band
structure, show that the half-metallic property originates from the iodine p
orbital. Further investigation of Cagggdo11l2 System reveals that it has a
ferromagnetic ground state with Curie temperature of 238 K. Moreover,
our system has very high magnetic anisotropy energy (MAE) of 14.11
meV/Ca Vacancy. Thus, such system is very robust to external spin
fluctuation. Stability analysis indicates that only single Ca vacancy
induced system is thermally stable at 300 K. Formation energy
calculations indicate that this point defect is favourable under I-rich
environment. Therefore, such material with high spin-up gap and MAE

can be promising for spintronics device.



4. High Curie Temperature and Half-Metallicity in an Atomically
Thin Main Group-Based Boron Phosphide System: Long Range

Ferromagnetism

Transitional metal-free magnetism and half-metallicity is a very attractive
topic in spintronics domain since such materials have weak spin-orbit
coupling due to p-electron system which is very important for spintronics
device applications. Moreover, weak spin-orbit coupling provides long
spin relaxation time, which can provide long-range magnetic order. In this
chapter, we have chosen atomically thin boron phosphide (BP) monolayer
for possible spintronics application. Here, we have considered BP
monolayer because it has a graphene-like hexagonal arrangement,
moderate direct band gap of 0.91 eV, high carrier mobility and high
mechanical strength. Moreover, BP films have been experimentally
synthesized on an aluminum nitride (0001)/sapphire substrate by chemical
vapour deposition (CVD) technigue. Here, we have considered Be and Mg
doped BP monolayer to introduce magnetism and half-metallicity using
state-of-the-art density functional theory (DFT) calculation. Be and Mg
are incorporated by substituting both B and P atom in the BP monolayer.
Interestingly Be and Mg doping at P-site exhibits magnetism and half-
metallicity. Such doping induces hole in the system which is a very useful
approach for introducing magnetism in a non-magnetic system. Effect of
doping concentration on half-metallicity in Be"@BP and Mg"@BP was
also investigated by considering a series of doping concentrations.
Surprisingly we have found that Mg® @BP system exhibits its half-metallic
characteristic for all the doping concentrations. We have also tried doping
second and third row main group elements X (X= Li, Na, C, N, Al, Si, S)
both at B and P-sites for possible spintronics application. All these
systems are found to be non-magnetic except Li"@BP, Na®@BP and
Na"@BP systems. However, we have observed our best result in
Mg"@BP system compared to all other magnetic systems (Li"@BP,
Na®@BP and Na’@BP) and thus we have carried out our detailed further

xi



investigation for Mg"@BP system. This strong half-metallicity originates
from Mg-B3 unit rather than single Mg atom. Partial density of states
indicates that in-plane 2p orbitals (2px and 2py) of B provide the primary
contribution towards the half-metallicity in Mg"@BP system. The effects
of magnetic coupling between the two neighbouring magnetic centers are
very vital to their overall effects on the magnetic properties of the system.
Therefore, we have considered the effect of magnetic coupling with
different spatial separation of magnetic centers and found that Mg"@BP
system has a long-range (12.94 A) ferromagnetic ordering. Furthermore,
we have found that Mg"@BP system has a ferromagnetic ground state
with high Curie temperature (494 K). The stability of Mg°@BP system is
investigated from energetic (formation and binding energy), dynamic
(phonon dispersion), thermal (molecular dynamics simulation) and
mechanical (stress vs strain) stability analysis. Our calculation proves that
Mg"@BP system energetically, dynamically, thermally and mechanically
stable. Thus, such system with robust half-metallicity and high Curie
temperature (494 K) is very promising for high-temperature spintronics

application.
5. Porphyrin Nanoribbon Based Spin Filtering Device

In this chapter, we have modelled spin-filtering device based on a metal-
free C=C embedded porphyrin nanoribbon/array structure for the first
time. Porphyrin molecules and its derivatives have been considered as a
potential candidate for molecular devices due to their unique electronic
structures and interesting properties such as long-range electron
tunnelling.  Porphyrin based one-dimensional array has also been
experimentally realized by several researchers. Therefore, these previous
reports open up a new possibility to realize a 1-D nanostructure
assembling C=C embedded porphyrin unit via a bottom-up approach since
C=C embedded porphyrin unit has already been experimentally

synthesized. Motivated by these reports, we have investigated porphyrin
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nanostructure containing two centrally coordinated hetero atoms (carbon-
boron) due to the novelty of such porphyrin unit. Substitution of single
carbon with boron among the two centrally coordinated carbons (-C=C-)
may induce magnetism due to hole doping. Since nanoribbons have
dangling bonds at their edges which provide active sites for chemical
bonding; we have considered hydrogen (H) and fluorine (F) for
functionalization of our porphyrin array structures. Besides, the unique
electronic (metallic/semiconducting/insulating) properties and magnetic
properties  (ferromagnetic/antiferromagnetic/half-metallic)  of  the
nanoribbons are associated with their edge states; thus edge modification
can drastically control electronic and magnetic properties of the
nanoribbons. We have considered two different types of nanoribbons
(namely along a and along b) based on the orientation of C=C with the
periodic diection. Hence, four types of nanoribbons have been considered
for our study. It has been observed that undoped hydrogen (H) and
fluorine (F) functionalized porphyrin arrays do not exhibit any magnetic
properties. On the other hand, B-doping in all four porphyrin
nanoribbons/arrays (B@(C = C)# — PA, B@(C = C); — PA, B@(C =
O —PA and B@(C = C)} — PA) exhibit magnetism with magnetic
moments of 0.4126 uB, 1.00 uB, 1.00 uB and 1.00 pB, respectively. Here,
‘PA’ represents porphyrin arrays, H/F denotes type of functionalization,
and a/b indicates periodicity directions respectively. Among these
magnetic systems, B@(C = C)f — PA system exhibits best half-metallic
property with a spin-down gap of 0.37 eV. This half-metallic property is
also sustained with the increment of its length (n=1, 2 and 3).
Additionally, this porphyrin unit B@(C = C)5 — PA exhibits itinerant
magnetism which is verified from the density of states and spin density
distributions. Stability of this porphyrin unit B@(C = C)f — PA is
investigated from energetic (formation energy), dynamic (phonon
dispersion), thermal (molecular dynamics simulation) and mechanical

(stress vs strain) studies which indicate that our system is stable. We have
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also tried Al doping in C=C embedded porphyrin unit; however, B doping
shows the best property and therefore B@(C = C)f — PA unit has been
placed between two Au (111) electrodes for modelling our molecular
spintronics device. Further, spin-resolved electron transport properties
have been analyzed from the transmission function and current-voltage
(I — V) characteristics using non-equilibrium Green’s function (NEGF)
within DFT approach. Our calculated spin filtering efficiency (SFE) for
our spintronics device is found as high as 98% which indicate that such

system is very promising for metal-free novel spin-filtering device.
6. Conclusions
The conclusions of the thesis can be described as follows:

1) The s-block element based alkaline earth halide based
monolayers show ferromagnetism half-metallicity with large
spin-gap.

i) The s-block elements based alkaline earth iodide based
monolayers show strong half-metallicity with high magnetic
anisotropy energy. This indicates that such system can prohibit
spin fluctuation.

iii) Similarly, the p-block phosphorous based boron phosphide
monolayers also show promising results for spintronics
applications (such as long-range ferromagnetism, half-
metallicity and high Curie temperature).

iv) Porphyrin nanoribbon/array containing main group element-
based materials can exhibit long-range itinerant magnetism,
half-metallicity and high spin-filtering efficiency (SFE) and

thus, possible to design high spin-filtering based device.
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(SDD) of Capgedpi1l, system under 2% biaxial
compressive strain with (a) FM, (b) AFM-I and (c)
AFM-II configurations in 2 x 2 x 1 supercell.
Optimized structure and spin density distribution
(SDD) of Capgedpi1l, system under 2% biaxial
tensile strain with (a) FM, (b) AFM-I and (c)
AFM-I1 configurations in 2 x 2 x 1 supercell.
Optimized structure and spin density distribution
(SDD) of Capggdp11l, system under 2% uniaxial
compressive strain with (a) FM, (b) AFM-I and (c)
AFM-I1 configurations in 2 x 2 x 1 supercell.
Optimized structure and spin density distribution
(SDD) of Capggdp11l, system under 2% uniaxial
tensile strain with (a) FM, (b) AFM-I and (c)
AFM-I1 configurations in 2 x 2 x 1 supercell.

(@) Phonon dispersion plot of Cagggdo11l2 System,
and (b) total energy fluctuation of AIMD
simulation of Cag ggdo.1112 System.

Displacement eigenvectors (indicated by blue
arrows) corresponding to the soft phonon mode
with imaginary frequencies of (a) 25.40i cm™, (b)
21.74i cm™ (c) 16.80i cm™ (d) 2.15i cm™ and (e)
0.98i cm™ of Capgedo11l> System. The violet and
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phonon dispersion plot of soft mode relaxed
Cap 9001112 (structure-2) system.

Displacement eigenvectors (indicated by blue
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Chapter 4
Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Capggdo11l2 (structure-2) system. The violet and

green atoms respectively denote | and Ca.

(@) Optimized structure (top/side view), (b) total
electron density (isosurface value: 0.08 e A®), (c)
electron localization function (ELF; maximum
saturation level 0.17 e A minimum saturation
level 0.0 A®), (d) spin polarized total/partial
density of states (TDOS/PDOS) of the BP
monolayer. Here, the red dashed box indicates the
unit cell of the system. The Fermi level is shifted
to zero and is indicated by a navy blue dashed
line.

Spin Density Distribution of (a) BP monolayer
with single B-vacancy, (isosurface value:
0.002337 e A®) (b) Be®@BP system (isosurface
value: 5.0 e-8 A®) and (c) Mg®@BP (isosurface
value: 1.0 e-8 A).

Optimized structures (top/side view) and spin
polarized density of states of 6.25% doped (a)
Be?@BP, (b) Mg°@BP, (c) Be"@BP and (d)
Mg"@BP systems. The Fermi level is set to zero
and is indicated by a blue dashed line. The doped
Be and Mg atoms are denoted by violet and
orange colors. Red dotted circles show the doped
Be/Mg atoms in the systems.

Optimized structures (top/side view) and spin
polarized density of states of (a) 4.00%, (b)
2.78%, (c) 2.04% Be"@BP and (d) 4.00%, (e)
2.78%, (f) 2.04% Mg ’@BP systems. The Fermi
level is set to zero and indicated by a blue dashed
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Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

line. Red dotted circles show the doped Be/Mg
atoms of the system.

Optimized structure and TDOS of (a) Li*@BP
with 6.25% doping concentration. The Fermi level
is shifted to zero and indicated by a blue dashed
line. B, P and Li atoms are indicated by green,
gray and pink color respectively. Doped Li atom is
indicated by red circle.

Optimized structure and TDOS of (a) C*@BP (b)
C’@BP with 6.25% doping concentration. The
Fermi level is shifted to zero and indicated by a
blue dashed line. B, P and C atoms are indicated
by green, gray and brown color respectively.
Doped C atom is indicated by red circle.

Optimized structure and TDOS of (a) N°@BP (b)
N°@BP with 6.25% doping concentration. The
Fermi level is shifted to zero and indicated by a
blue dashed line. B, P and N atoms are indicated
by green, gray and bluish silver color respectively.
Doped N atom is indicated by red circle.

Optimized structure and TDOS of (a) AI°@BP (b)
AIP@BP with 6.25% doping concentration. The
Fermi level is shifted to zero and indicated by a
blue dashed line. B, P and Al atoms are indicated
by green, gray and light blue color respectively.
Doped Al atom is indicated by red circle.

Optimized structure and TDOS of (a) Si®@BP (b)
Si"@BP with 6.25% doping concentration. The
Fermi level is shifted to zero and indicated by a

blue dashed line. B, P and Si atoms are indicated
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Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

by green, gray and dark blue color respectively.
Doped Si atom is indicated by red circle.
Optimized structure and TDOS of (a) SF@BP (b)
SP@BP with 6.25% doping concentration. The
Fermi level is shifted to zero and indicated by a
blue dashed line. B, P and S atoms are indicated
by green, gray and yellow color respectively.
Doped S atom is indicated by red circle.
Optimized structures (top view), spin density
distributions (isosurface value: 0.00244284 e A%)
and spin polarized densities of states of the (a)
Li"@BP (6.25%) (b) Na®’@BP (6.25%) (c)
Na"@BP (6.25%) systems. The doped Li and Na
atoms are denoted by dark pink and red colors.
Red dotted circles show the doped Li/Na atoms in
the systems.

Schematic of the presence of residual spin in the
Mg @BP (6.25%) system due to Mg doping in the
BP monolayer.

(@ Spin density distribution (isosurface value:
0.001191 e A®), (b) electronic structure (band
structure, DOS), (c)—(e) PDOS plots of the Mg, B
and P atoms of Mg"@BP (6.25%).

TDOS plot of (Mg-B3) unit in Mg"@BP system.
The Fermi level is shifted to zero and indicated by
a blue dashed line.

(@) Spin density distribution (SDD) (isosurface
value: 0.0005 e A, (b) TDOS plot, (c)-(e) PDOS
plots of Be, B and P atoms of Be’@BP (6.25%).
The Fermi level is shifted to zero and indicated by

a blue dashed line.
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Figure 4.16

Figure 4.17

Figure 4.18

Figure 4.19

Figure 4.20

Figure 4.21

Spin density distributions of the Mg"@BP ground
states at distances of (a) 12.94 A between two
Mg-B3 magnetic units [FM coupling, (isosurface
value: 0.0010 e A®)] and (b) 9.74 A between two
Mg-B3 magnetic units [AFM  coupling,
(isosurface value: 0.0011 e A%)].

Spin density distribution (SDD) (isosurface value:
00012 e A® of (@ FM and (b) AFM
configuration of Mg"@BP system in a larger (10 x
5 x 1) BP supercell.

Optimized structures, Spin Density Distribution
(isosurface value: 0.0012 e A®), and TDOS of (a)
FM, (b) AFM-1 and (c) AFM-II configuration of
Mg"@BP (6.25%) in 8 x 8 x 1 BP supercell. The
Fermi level is indicated by the blue dashed line.
(@) Sustainability of the half-metallicity of
Mg"@BP under application of biaxial strain (1%
to 3%). The Fermi level is indicated by a blue
dashed line. (b) Variation of the total magnetic
moment (uB) per formula unit of Mg"@BP
(6.25% doping) as a function of temperature.
Electron localization function (ELF; maximum
saturation level 1.0 e A, minimum saturation
level 0.0 A®) of (a) Be"@BP (6.25%) and (b)
Mg @BP (6.25%).

(a) Phonon dispersion plot of Mg"@BP (6.25%)
after 2" soft mode relaxation, (b) - (c) optimized
structures (Mg"@BP (6.25%)) corresponding to
the maximum Mg vibration due to lattice
dynamical instability and (d) — (e) TDOS plots of
the two structures. The Fermi level is shifted to
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Figure 4.22

Figure 4.23

Figure 4.24

Chapter 5
Figure 5.1

Figure 5.2

zero and is indicated by a blue dashed line.

(@) Optimized structure and phonon dispersion
plot of Mg"@BP (6.25%), (b) Optimized structure
and phonon dispersion plot of Mg"@BP (6.25%)
after 1% soft mode relaxation.

Displacement eigenvectors (indicated by blue
arrows) corresponding to the soft phonon mode
with imaginary frequencies of (a) 0.038i cm™, (b)
0.052i cm™ and (c) 0.11i cm™ of Mg"@BP
(6.25%). The light orange, pink and green atoms
respectively denote Mg, B and P.

Total energy fluctuations of the AIMD simulation
of Mg°@BP (6.25%) at (a) 300 K, (b) 500 K. (c)
Tensile strain vs. stress plot for Mg"@BP
(6.25%). (d) Strain energy vs. applied strain plot
for MgP@BP (6.25%).

Schematic illustration of the proposed molecular
nanoscale devices containing: (a) [(C = C)f —
PA, (n=1)], (b) [B@(C = C); — PA, (n = 1)],
and (c) [B@(C = C)f — PA,, (n = 2)] units.

(@ Top view of C=C embedded porphyrin
monolayer with unit cell showing in the red dotted
line, (b) Electron localization function (ELF;
maximum saturation level 0.8 e A minimum
saturation level 0.0 A®), (c)-(e) Spin-polarized
density of states and bandstructure of C=C
embedded porphyrin monolayer calculated by
GGA-PBE, (f) Spin-polarized density of states of
C=C embedded porphyrin monolayer calculated
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Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

by HSEO6.

Optimized structures and spin-polarized density of
states of (a) (C = C)# — PA , (b) (C = C)F — PA
, (©) (=0 -PA and (d) (C=0C)—PA
systems. The Fermi level is set to zero and is
indicated by a blue dashed line. The C, N, Hand F
atoms are denoted by brown, blue, white and light

gray colours.

Optimized structures and spin-polarized density of
states of (a) B@(C = C)¥ — PA and (b) B@(C =
C)F — PA systems along with the magnified spin-
polarized density of states (in the inset) around the
Fermi level. The Fermi level is set to zero and is
indicated by a blue dashed line. The B, C, N, H
and F atoms are denoted by green, brown, blue,
white and light gray colours.

Optimized structures and spin-polarized density of
states along with the magnified spin-polarized
density of states (in the inset) around the Fermi
level of () B@(C = C)# — PA and (b) B@(C =
C)5 — PA systems. The Fermi level is set to zero
and is indicated by a blue dashed line. The B, C,
N, H and F atoms are denoted by green, brown,
blue, white and light gray colours.

Spin density distribution of (a) B@(C = C)¥ —
PA, (b) B@(C =C)t —PA, (c) B@(C =)l -
PAand (d) B@(C = C)5 — PA systems.

Total and partial density of states of (a) (C =
OfF—-pA , (b) B@(C=C)-PA and (c)
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Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

magnified partial density of states of B@(C =
C)H — PA system. Total and partial density of
states of (d) (C = C)f — PA, (e) B@(C = C)F —
PA and (f) magnified partial density of states of
B@(C = C)F — PA system. The Fermi level is set
to zero and is indicated by a blue dashed line.
Optimized structures, spin polarized density of
states and magnified spin polarized density of
states (third panel) of (a) Al@(C = C)? — PA ,
(b) Al@(C = C)F — PA, (c) Al@(C = C) — PA
and (d) Al@(C = C)§ — PA systems. The Fermi
level is set to zero and is indicated by a blue
dashed line. The Al, C, N, H and F atoms are
denoted by sky blue, brown, blue, white and light
gray colors.

Spin density distribution of (a) Al@(C = C)¥ —
PA , (b) Al@(C=0)F—-pPA , (c) Al@(C =
C)¥ — PA and (d) Al@(C = C)§ — PA systems.
Optimized structures, spin polarized density of
states and magnified spin polarized density of
states (third panel) of (a) (B — B)Y —PA , (b)
(B—B)f—PA , (c) (B—B){ —PA and (d)
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1.1. Introduction

With the advancement of human civilization, a rapid progression in the
field of high-performance computing, communication, and real time
automation has become the driving forces for the escalating requirements
of a high-performance electronic device. Therefore, the complexity of the
integrated circuit (IC) has amplified day by day in order to accommodate
more number of components/devices in a single chip [1]. The demand for
developing more complex IC, has led to miniaturization of minimum
feature size (also called channel length) of the device [2]. Following this
concept, an exponential increment of the number of transistors on a silicon
chip has been observed in the late 1960s [3]. Gordon Moore, the co-
founder of Intel Corporation, observed this trend thoroughly and
anticipated in 1965 that the number of transistors in a single chip would
double every year. This prediction has stated as Moore’s law [4]. Later on,
he modified this law that number of transistors in a single chip would
double every two years [3]. Moore’s prediction was found to be true for
many decades and it has become a guideline to every semiconductor
company [2]. At present-day most of the industry state that Moore’s law
doubling period is approximately 18 months [3]. In addition to the
requirement of continuous increment of number of transistors obeying
Moore’s law, minimal power consumption in transistor operation has also
become the significant criterion in the electronic industry [2]. In 1965, the
semiconductor industry has produced chips with about 50
components/transistors having minimum feature size of approximately 50
mm [5]. However, at present-day, leading chips generally incorporate
several billion transistors having minimum feature size of approximately
10 nm [5]. Thus, semiconductor industry has approached a new era of
scaling to satisfy this demand. The first generation transistor scaling
(geometrical scaling) was observed in 70s, 80s, and 90s [2]. This is called
classic/traditional scaling [5]. The traditional scaling was productively

used in the industry until early 2000s with minimum feature size of 130



nm [5]. By the 130-nm generation, gate oxide thickness has scaled down
to 1.2 nm, and therefore, electron tunneling through this thin gate oxide
can potentially contribute a significant amount to the total device leakage
current [5]. Hence, researchers have to find out new method of scaling
since we have reached the limits of scaling device using traditional
method. This new scaling approach was called as equivalent scaling,
where materials and structural limitations were investigated [2]. The main
features of this approach are use of strained silicon, high-k/metal gate, use
of other semiconductor materials and FinFET technology [2]. Moreover,
in order to maintain the future growth of electronic industry, several new
materials, new device concepts, and new technologies have to come up to
replace the standard silicon CMOS (complementary metal-oxide-
semiconductor) technology. Such new concepts are graphene based
nanoelectronic devices, phase change materials and spintronics.

1.2. Recent Trends in Memory Devices

The present day’s computing system is dreadfully dependent on the
performance of the memory subsystem. This memory subsystem consists
of volatile and non-volatile memory. Volatile memory consists of static
random-access memory (SRAM) and dynamic random-access memory
(DRAM) while the non-volatile memory consists of flash memory which
serves as cache, main memory, and storage memory such as solid-state
drive; respectively [6]. Conventional memory technologies are primarily
based on the charge storage mechanism. For example, these charges are
stored at the storage nodes of the cross-coupled inverter in case of SRAM,
similarly charges are stored at the cell capacitor in case of DRAM and at
the floating gate (FG) of the transistor in case of flash memory [6]. Most
of the logic circuits, microprocessors as well as static RAMs are put
together using CMOS technology [7]. The Inverter used in SRAM is also
based on CMOS technology which is built using both NMOS (n-channel
metal-oxide-semiconductor) and PMOS (p-channel metal-oxide-

semiconductor) transistor [7].



1.2.1. Conventional MOSFET Device

The conventional MOSFET (metal-oxide-semiconductor field-effect
transistor) is made up of four-terminals namely source (S), gate (G), drain
(D), and body/substrate (B) terminals. However, mostly the substrate of
the MOS device is connected with the source terminal, thus making it a
three-terminal device [7]. The MOSFET device is absolutely symmetrical
with respect to its source and drain terminals. The source and the drain
terminal can be distinguished from the direction of the current flow which
in turn depends on the supply voltage. The basic structure of a MOSFET

device is shown in Fig. 1.1.

Gate )
Q@ Terminal Drain
Source (Q Terminal
Terminal Q
Oxide Layer
Source Drain
(n+type) | Channel(ntype) | (n+type)
——————————— = >

Substrate (p type)

Figure 1.1: Schematic representation of basic MOSFET (n-type) with its
terminals source, drain, substrate, and gate.

Depending on the type of the conducting channel, MOSFET can be
categorized into two types that are p-channel and n-channel MOSFET
(sometimes also referred to as p-type and n-type). The source and the
drain of an n-channel MOSFET are doped heavily with n+ type and the
substrate is built with p-type material [7]. Similar way, for a p-channel
MOSFET, the source and the drain are doped with heavily p+ type doped

material and the substrate is built with n-type material [7]. For both the
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cases the gate electrode is made up with metal. The basic difference
between these two types of MOSFET is that electrons are the majority
carriers for n-channel MOSFET while holes are the majority carriers for p-
channel MOSFET [7].

1.2.2. Problems of Conventional MOSFET Device

Conventional charge based device has started facing several challenges
with downscaling up to 10-nm and beyond. These are mainly referred to
as short channel effects (SCE) [7-8]. Due to these numerous SCE, the
charge sharing between the drain and the source electrode increases, thus
the gate electrode loses its control over the charge in the channel and the
drain current which results in the increment of off-state leakage current
and degradation of device performance [8-10]. These various SCEs are
referred as threshold voltage reduction, drain induced barrier lowering
(DIBL), mobility reduction, carrier velocity saturation, hot electron
effects, impact ionization near drain electrode, channel length modulation
and punch-through [11-14]. Therefore, quite a lot of unconventional
structures based on gate technology, gate oxide and channel materials
have been explored by the researchers to prevail these barricades [8-9, 15-
17].

1.2.3. New approaches for Memory Device

1.2.3.1. Innovation in the Design of Charge Based Device

The first innovation was introduced on Intel’s 90-nm technology in 2003
using strained silicon transistor [5-18]. In 2007, high-k metal gate
transistor was first introduced in Intel’s 45-nm technology to improve the
transistor gate dielectric [5, 19]. In this 45-nm technology, high-k
dielectric material (hafnium-based) was used as gate-oxide replacing the
traditional SiO, to reduce the gate oxide leakage current as well as
improves the transistor drive current [5, 19]. In addition to that, various
alternative MOSFET with unconventional gate electrode such as dual
material double gate (DMDG), triple material double gate (TMDG), tri-
gate and gate all around MOSFET have also been introduced during this



time to provide better electrostatic control of the channel region [20-27].
Further to this, Intel has introduced FINFET (tri-gate) transistor in 2011, as
a next major innovation, on its new 22-nm technology [5, 28]. As the gate
length of traditional planar MOSFET (metal-oxide-semiconductor field-
effect transistor) has reached below 32 nm, off-state leakage has become a
serious problem. Thus, a 3D FinFET MOSFET structure was introduced
by the researchers to solve this issue as the gate electrode of FINFET has
better electrostatic control of the transistor channel [5].

1.2.3.2. Introduction of New Emerging Technology

It has been a long time since DRAM, SRAM and Flash are used as
dominant solid-state memory technologies. The DRAM is constructed
with one transistor and one capacitor and SRAM is constructed with six
transistors using CMOS technology (Fig. 1.2a-b) [29]. Flash memory
works with FG component which is placed in between the control gate and
the source-drain area and isolated by an insulating oxide layer (Fig. 1.2c)
[29]. The increasing demand for reducing the feature size of
microelectronic products leads to several limitations in MOS-based
memory device SRAM and DRAM which has already been discussed in
section 1.2.2. This scaling trend also requires the effective oxide thickness
(EQOT) of Flash memory to be reduced [29]. However, very thin oxide
suffers from many reliability issues such as reduction of operating voltage
and stress induced leakage current (SILC) [29].

Therefore, some other new storage conceptions have been suggested in
search of ideal memory devices or ‘unified memory’ which can satisfy
concurrently three requirements such as high speed, high density and non-
volatility [29]. Among these emerging nonvolatile memories five types of
non-volatile memory (NVM) technology have become very captivating.
These are categorized as magnetic random-access memory (MRAM),
ferroelectric random-access memory (FeERAM), spin-transfer torque
random-access memory (STT-RAM), resistive random-access memory

(RRAM) and phase-change memory (PCM) which can combine the



density of DRAM, the speed of SRAM, and non-volatility of Flash
memory [29].

(a) DRAM (b) SRAM (c) FLASH
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Figure 1.2: Schematic representation of SRAM, DRAM and Flash
memory.

As a consequence, the memory industry has expected a massive change
over a couple of years with more complex, and reliable technologies to
replace the dominant Flash memory [29]. Researchers have predicted that
RRAM, MRAM, and STT-RAM are the most promising emerging
technologies revolutionizing the memory hierarchy [6, 29]. Moreover,
according to published report from Yole Development, Emerging Non-
volatile Memory Technologies, Industry Trends and Market Analysis,
STT-RAM is expected to replace SRAM in SoC (System on Chip)
applications from 2015 reducing cell size by 50% [29]. Both of these
MRAM as well as STT-RAM consist of magnetic tunnel junction (MTJ)
(Fig. 1.3) which works on principle of spintronics.

1.3. Origin of Spintronics

Spintronics is a novel spin-based electronics technology where the spin of
the electron carries the information instead of the charge of the electron
[30]. Spintronics involves active generation, detection, manipulation and
transport of spin in spintronic material as well as device [30]. The spin
dependent effects in the spintronics material arise from the interaction of
the spin of the carrier with the magnetic properties of the material [30].



The conventional approach of spin is based on the alignment of a spin
(termed as “up” or “down”) relative to a reference which may be an
applied magnetic field or orientation of magnetization in the ferromagnetic
film [30]. The official beginning of this new era is considered with the
discovery of the giant magnetoresistive (GMR) effect in 1988 [30]. GMR
effect was independently discovered by two research groups from
University of Paris-Sud, France (group of Albert Fert) and
Forschungszentrum Jilich, Germany (group of Peter Griinberg) in 1988
[31-32]. Later, in 2007, both of them have jointly received Nobel Prize in
Physics for the practical significance of this discovery. GMR has
significant applications in magnetic field sensors which are used in hard
disk drives, microelectromechanical systems (MEMS), MRAM and many
other devices [33].

(a) MTJ (b) DOS of Non-magnetic Metal
Electrode Fermi Level
Storage Layer (E¢)
Insulating Layer
Fixed/Pinned Layer
— B ——
Electrode Spin Down Spin Up
(c) DOS of Ferromagnet (d) DOS of Half-Metals

Fermi Level .
Fermi Level

(&) (€

— —_—
Spin Down Spin Up

Spin Down Spin Up

Figure 1.3: (a) Schematic representation of Magnetic Tunnel Junction
(MTJ), Density of states (DOS) of (b) non-magnetic metal, (c)
Ferromagnet, and (d) Half-Metal.

The term °‘magnetoresistance’ refers to the tendency of a material

(preferably ferromagnetic) to change its electrical resistance with the



application of an external magnetic field [34]. Numerically
magnetoresistance can be defined as
_ Ru—Ro

5y = R (1.1)

Ro

where Ry and R, corresponds to the resistance of the sample under the
application of the magnetic field and without any magnetic field,
respectively [35]. Giant magnetoresistance refers to a very high value of
&y Which exceeds the value of anisotropic magnetoresistance [35-36].
Typical GMR device consists of two ferromagnetic slabs and one non-
magnetic layer in between them. The thickness (t) of these ferromagnetic
slabs and the mean free path of electrons with up and down spin channel
influences on the GMR effect. When this thickness (t) value lies in
between the mean free path of these two spin up and down channel,
relative orientation of the magnetic moments in these two ferromagnetic
slabs determines the spin scattering [35-38]. This scattering is weakest
when the spins are aligned parallel and strongest when the magnetic
moments have aligned anti-parallel. Since electrical resistance of a
material is significantly affected by scattering of electrons, thus it has a
strong dependence on the magnetic orientation of the atoms in the crystal.
The theory of direction of current in GMR device was developed in few
years after the invention of GMR effect. In 1989, Camley and Barna$ have
calculated the current-in-plane (CIP) in GMR geometry using classical
approximations, which flows along the layers [39], while Levy and co-
workers calculated the same using quantum formalism [40]. The theory of
current perpendicular to the plane (CPP) in GMR geometry was proposed
by Verlet and Fert in the year of 1993 [41]. Among these two, CPP
geometry provides greater magnetoresistance ratio 8y, thus has a better
application regarding device sensitivity [42].

1.4. History of Spintronics

Although the invention of GMR is considered as the origin of spintronics,
‘spin’ property in an elementary particle electron was discovered by

German physicists Otto Stern and Walter Gerlach in 1922 [43]. In the
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original Stern-Gerlach experiment, a beam of silver atoms gets deflected
in a spatially varying magnetic field, which indicates these particles have
non-zero magnetic moment although electrically neutral silver atoms were
considered for this experiment. In case of silver atom, all the inner
electrons are paired, so that their spin and orbital angular momenta cancel
out. The net spin is observed due to the outermost unpaired electron. Thus,
this result proves that particles have an intrinsic angular momentum which
is nearly analogous to the angular momentum of a ‘classically spinning
object” which can take only quantized values. Spin-sensitive tunneling
transport was demonstrated for the first time from superconducting
aluminum to ferromagnetic films by Meservey and Tedrow [44]. In 1975,
for the first time, tunnel magnetoresistance (TMR) effect in a Fe/Ge/Co
junction was discovered experimentally by Julliere, where he observed an
increase in resistance when the magnetic layers were switched from
parallel to anti-parallel configuration [45]. In 1988, GMR effect was
jointly discovered by Albert Fert and Peter Griinberg which won the
Nobel Prize in Physics in the year 2007 [31-32].

At present day, magnetic random-access memory (MRAM) has become
important for practical spintronics device applications. Primarily MRAM
was based on the GMR effect; however, with the advancements of TMR
technology, MRAM devices made a transition to TMR based structures as
produced by Freescale Semiconductor and IBM [46]. Moreover, TMR
based advanced technology has also led the memory industry to switch
towards TMR-based read heads [47]. Lately, spin-transfer torque-MRAM
(STT-MRAM) has gained lot of attention due to its new technique to
control magnetization switching [48-49]. This STT-MRAM controls
magnetization by electrical current, thus providing better scaling
capabilities, and requires less switching energy. Later on, spin-transfer
torque-magnetic tunnel junction (STT-MTJ) technology has received lot
of researcher’s attention for building logic configurations combining non-

volatile memories and logic circuits [50-51]. In 1990, another new idea of
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spin field-effect transistor (spinFET) was introduced by Dutta and Das
which is composed of two ferromagnetic terminals separated by non-
magnetic materials [52]. These inventions have become very popular in
spintronics industry which ignites the requirement of new spintronics
materials for spintronics devices.

1.5. Spintronics Materials

1.5.1. Classification Based on Intrinsic (Electronic) Property
Spintronic materials have huge applications in modern-day spintronics
devices. The fundamentally spintronic device consists of three parts
namely spin source, spin drain and the channel region [53]. Based on the
intrinsic electronic property and the density of states spintronics materials
can be classified into three types [53].

(1) Magnetic Metals

(2) Topological Insulator

(3) Magnetic Semiconductor

Based on the application in the spintronics device, these materials can be
divided into two parts. Magnetic metals and topological insulators (TI) can
be used in spin source and the spin drain while the magnetic
semiconductors can be used in the channel region [53].

1.5.1.1. Magnetic Metals

Magnetic metals are used mainly for the spin injection phenomenon in the
spintronics device. Magnetic materials can be classified into two parts as
follows:

(1) Ferromagnetic Metals

(2) Half-Metallic Ferromagnet

1.5.1.1.1. Ferromagnetic Metals

Ferromagnetic metals are the oldest spintronic materials that are used to
construct magnetic tunnel junctions (MTJ) and spin-valves. Typical
example of ferromagnetic metals includes Fe, Ni, Co and their alloys [53].
These materials are very abundant in nature, very cheap and easy to

handle. They can provide spin-polarization of the carriers; however, 100%
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spin-polarization cannot be achieved from these types of materials. The
density of states (DOS) plot indicates (Fig. 1.3) that both the up-spin as
well as down spin have contribution at the Fermi energy level.

1.5.1.1.2. Half-metallic Ferromagnet (HMF)

Half-metallic ferromagnetic are those types of materials in which on spin-
channel has metallic nature while the other has semiconducting/insulating
nature. The density of states (DOS) plot of the half-metallic ferromagnetic
is shown in Fig. 1.3. These materials can provide 100% spin-polarization
of carriers, thus can be very efficient for spin generation and injection. In
1983, Groot and Mueller proposed about half-metallic ferromagnet for the
first time [54]. Half-metallic gap and of a half-metallic ferromagnet
should be large enough to prevent the spin-flip transition efficiently due to
the thermally agitation and to preserve the half-metallic nature of the
materials. Moreover, the Curie temperature of the half-metallic
ferromagnet should be more than room temperature for the practical
application. Examples of HMF are CrO, [55] and Fe;O4 [56].

1.5.1.2. Topological Insulators (T1)

Topological Insulators are a special type of materials with bulk band gap
like original insulator originated due to strong spin-orbit coupling (SOC)
and topologically protected conducting surface states (Fig. 1.4). Most
importantly, these metallic conducting states are protected by time-
reversal symmetry [57]. These new types of quantum state of matter can
produce Quantum spin Hall (QSH) effect [58]. These new states consist of
two counter-propagating, dissipationless spin currents (both spin-up and
spin-down electrons) and therefore the total charge current in such
material vanishes in the ground state and a pure spin current is realized,
which is a very important goal in the domain of spintronics [58]. The
topological insulator can be identified by a few rules such as SOC, an odd
number of band inversions (Bls) between the conduction band (CB) and
the valence band (VB) by increasing the average nuclear charge, and a

change of sign of the symmetry of the molecular orbitals [58]. In addition
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to their fundamental interest, these materials could be useful for
applications ranging from spintronics to quantum computation.
Topological insulators can be categorized into three classes as follows:

(1) Inorganic Topological Insulator

(2) Organometallic Topological Insulator (OTI)

(3) Topological Crystalline Insulator (TCI)

Topological Insulator

Bulk States

Valence
Band

Fermi Level

(Ef) ‘ ’ Surface States

Conduction
Band

Bulk States

Figure 1.4: Schematic representation of the band structure of topological
insulator. The Fermi level lies within the bulk band gap.

1.5.1.2.1. Inorganic Topological Insulators

Conventional topological insulators are mostly lies in the category of
inorganic topological insulator. There are two large families of Tls
presently known, the HgTe family and the Bi,Se; family [58]. These
topological materials have been predicted theoretically and also
experimentally observed [59]. Typical example of such system includes
HgTe quantum wells, BiSb alloys, Bi,Tes and Bi,Se; crystals [60]. The

existence of edge states in HgTe/CdTe quantum wells was demonstrated
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from transport experiments [60]. Similarly, experiments on Bi;—Sbx,
Bi,Ses, BiyTes, and Sh,Tes establish them as 3D topological insulators by
directly probing the topology of their surface states [60]. Several new Tls
have been predicted by theory, however, only a few have been realized
experimentally. This is due to the lack of high-quality samples with well-
defined charge carriers and control over disorder and defects.

1.5.1.2.2. Organometallic Topological Insulators (OTI)

Organometallic topological insulators are composed of a covalent organic
framework in which metal atoms are embedded in this framework. Liu and
co-workers first proposed this new concept of TIs [61]. They have
designed two organometallic lattices, namely 2D triphenyl-lead
[Pb(CsHs)s] lattice and triphenyl-bismuth [Bi(Cs Hs)s] lattice, where a
metal atom was bonded with three benzene rings with 3-fold rotational
symmetry [61]. The lattices of these types of Tls are found to be slightly
bulked due to the sp* hybridization of Pb and Bi atoms. The Dirac point in
2D [Pb(CgHs)3] system is found to be located exactly at the Fermi level.
Magnetic transition metal incorporation in this type of covalent organic
framework can lead to formation of Tls with spin-polarized Dirac cones,
which are promising for realizing the quantum anomalous Hall effect. An
example of this type of system is 2D triphenylmanganese [Mn(CgHs)s]
lattice [62].

1.5.1.2.3. Topological Crystalline Insulators (TCI)

Topological Crystalline Insulators (TCIs) are another new class of
topological materials, which are different from conventional Tls. The
metallic surface states in such TClIs are protected by the crystal symmetry,
for example, mirror symmetry, rather than time-reversal symmetry in
conventional Tls [53]. Therefore, the occurrence of topological states does
not require spin-orbit (SO) interaction. This type of material was first
reported by Fu and co-workers [63]. However, TCls only have gapless
modes in high-symmetry directions or planes, and they are vulnerable to

certain disorders [53]. Theoretically bulk SnTe was first proposed as TCI

15



based on first-principles calculations [64]. The metallic surface states of
SnTe with Dirac cones on high symmetry crystal surfaces [such as (001),
(110), and (111)] are topologically protected by reflection symmetry of the
crystal. This was verified later by a subsequent experiment [65].
1.5.1.3. Magnetic Semiconductors
Magnetic semiconductors are those materials that can combine the
properties and advantages of both magnets and semiconductors. The basic
spintronic device consists of three regions namely: spin source, central
region and spin drain [53]. Although magnetic semiconductors can be
used as spin source or spin drain for spin generation, injection, and
detection, however, mostly they are used in the central region in the
spintronics device while half-metals and topological insulators are used as
spin source and spin drain [53]. Generally, magnetic semiconductors can
be divided into two main categories: diluted magnetic semiconductors
(DMSs) and intrinsic magnetic semiconductors. Additionally, intrinsic
magnetic semiconductors can be subdivided into four types based on
different electronic and magnetic properties, such as half semiconductors
(HSCs), spin gapless semiconductors (SGSs), bipolar magnetic
semiconductors  (BMSs), and  asymmetric  antiferromagnetic
semiconductors (AAFMSs). Divisions of magnetic materials are given
below:
(1) Diluted Magnetic Semiconductor
(2) Intrinsic Magnetic Semiconductor

(i) Half-semiconductors (HSCs)

(i1) Spin Gapless Semiconductors (SGSs)

(iii) Bipolar Magnetic Semiconductors (BMSs)

(iv) Asymmetric Antiferromagnetic Semiconductors (AAFMSs)
1.5.2. Classification Based on Intrinsic (Magnetic) Property
The origination of magnetism deals with the orbital and spin motions of
electrons and the mutual interactions between the electrons based on their

spin [66]. Magnetic materials are classified according to their response
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towards external magnetic fields which is also related to the interactions
among their internal spin states. All matter is magnetic to varying degrees.
It’s the collective long-range interaction between atomic magnetic
moments, which differentiate between these materials. Fundamentally,
based on the behavior of magnetic materials, they can be classified into
the five major groups as follows:

1.5.2.1. Diamagnetic Materials:

Diamagnetism is a fundamental property of all matter and usually it is
very weak [66]. Diamagnetic materials have no net magnetic moment
without any applied magnetic field because diamagnetic materials are
composed of atoms with no net magnetic moment due to completely filled
orbital shells or absence of any unpaired electrons. However, under the
influence of an applied magnetic field, it produces a magnetization (M) in
the direction opposite to that of the applied field. The schematic
representations of the spin orientation in diamagnetic material are
presented in Fig. 1.5a.
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Figure 1.5: (a)-(e) Schematic representation of spin orientation in
diamagnetic,  paramagnetic,  ferromagnetic,  ferrimagnetic  and

anitiferromagnetic materials.
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1.5.2.2. Paramagnetic Materials:

Paramagnetic materials are those materials with non-interacting localized
electrons, which indicate that each atom has a magnetic moment randomly
oriented as a result of thermal agitation [66]. Paramagnetism in a material
arises from atoms, molecules, and lattice defects, possessing an odd
number of electrons or unpaired electrons causing a nonzero total spin.
Application of external magnetic field can create an alignment of these
randomly oriented magnetic moments and thus a low magnetization is
observed in the direction same as the applied field [66]. However, this
alignment can be destroyed with the increment of temperature because it
enhances the thermal agitation which can destroy the magnetic orientation.
The schematic representations of the spin orientation in paramagnetic
material are depicted in Fig. 1.5b.

1.5.2.3. Ferromagnetic Materials:

Ferromagnetic materials are those materials where atoms are arranged in a
lattice and the atomic magnetic moments align parallel to each other due
to self-interaction, resulting in spontaneous magnetic moment.  This
magnetic alignment can be observed even at zero applied magnetic fields
[66]. Ferromagnetism was initially postulated by Weiss in the year of
1907 by a classical theory that assumed the presence of a molecular field
within the ferromagnetic material [66]. Later, ferromagnetism was
explained by quantum mechanics using the Heisenberg model in terms of
the exchange interaction between neighboring moments [66]. Below a
critical temperature, the magnetic alignment in ferromagnetic materials
remained unaltered while above that critical temperature, thermal agitation
becomes so much that it destroys these alignments turning this material
into paramagnetic. This critical temperature is called the Curie
temperature of the material. Above Curie temperature (T¢), the thermal
agitation becomes so great that the material turns into paramagnetic [66].

In the strict definition, a material can be defined as ferromagnetic only if
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all of its magnetic ions are aligned in the same direction and add a positive
contribution to the net magnetization [66]. We have shown the schematic
representations of the spin orientation in a ferromagnetic material in Fig.
1.5c.

1.5.2.4. Ferrimagnetic Materials:

In ferrimagnetic materials, the atoms are arranged in a lattice, however, all
the atomic magnetic moments are not aligned parallel to each other. As
some of the magnetic ions are aligned anti-parallel, it is subtracted from
the net magnetization and the material exhibits ferrimagnetism [66]. Fig.
1.5d depicts the schematic representations of a ferrimagnetic material
along with their spin orientation. Generally, ferrimagnetism is observed
only in compounds with complex crystal structures. The exchange
interaction in these materials leads to parallel alignment in one sublattice
while anti-parallel alignment in another sublattice. However, the magnetic
moment in sublattice 1 and sublattice 2 do not completely cancel out each
other, rather the magnetic moment associated with sublattice 1 is larger
than sublattice 2 in ferromagnetic materials [66]. Therefore, ferrimagnetic
materials generally have lower saturation magnetizations. However, the
magnetic behaviors in ferrimagnetic and ferromagnetic materials also have
very similarities.

1.5.2.5. Antiferromagnetic Materials:

Antiferromagnetic materials also have similar feature like ferrimagnetic
materials. They also form magnetic domain where two sublattices exist
with opposite spin alignments [66]. Antiferromagnetic materials can be
identified as the extreme case where spins in the sublattices cancel out
completely each other’s contribution exhibiting zero net magnetization
(Fig. 1.5e) [66]. All these alignments in antiferromagnetic materials can
be observed at temperatures below the Néel temperature (Ty). Above this
temperature the aniferromagnetic materials become paramagnetic in
nature [66].
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1.5.3. Classification Based on Extrinsic (Materials) Property

Based on the constitute materials, spintronics materials can be categorized
into two main sections as described in the following subsections.

1.5.3.1. Metal Embedded Spintronics Materials

Conventionally transition metal based systems were considered for
spintronics applications for long time because transition metals have
partially filled d or f orbitals which are responsible for their magnetic
character. Since main group based systems generally do not exhibit any
magnetism, transition metal incorporation in main group based system can
introduce magnetism in those materials. For example, (Ga, Mn)As and
(In, Mn)As have been used as spintronics materials in the past years [67-
69]. Transition metal incorporated two-dimensional (2D) metals have also
attracted lot of attention in recent past for their interesting electronic and
magnetic properties. Both theories as well as experimental investigations
prove that that transition metals incorporation can successfully induce
magnetism in the main group based 2D systems which are non-magnetic
in nature [70-71]. Moreover, after the successful synthesization of 2D
graphene and graphene-like nanosheets, researchers have started paying
attention to designing novel magnetic materials by doping transition metal
into graphene, graphitic carbon nitride (gt-CsN4) and graphene-like similar
2D materials [70, 72-75].

1.5.3.2. Metal Free Spintronics Materials

Metal free spintronics materials are another important class because they
can provide very long spin-relaxation time. Metal free systems are mostly
composed of main group based elements which are mainly s or p-electron-
based systems. Such systems have very weak spin-orbit coupling which is
the main reason for longer spin-relaxation time compared to metal based
systems. However, most of the main group based 2D materials are
nonmagnetic, which limits their application for magnetic devices.
Therefore, researchers have thought of several effective methods such as

application of electric field, surface adsorption, edge modification, strain
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engineering, defect engineering and substitutional doping to induce
magnetism into non-magnetic materials [76]. Introduction of magnetism
in atomically patterned graphene nanoribbons has already been predicted
theoretically as well as experimentally and these reports also showed a
pathway to the advancement of next-generation metal-free spintronics
materials [77-80]. However, it is found to be very difficult to synthesize
such patterned structures and there is a high chance of formation of
random functionalization of host structure. Therefore, researchers have
tried several ways to induce magnetism in metal-free two dimensional
systems. Researchers have used electron or hole doping in graphene and
graphene-like 2D materials for the introduction of magnetism in such
systems [81-83].

1.6. Importance of Half-Metallic Materials

Among all the magnetic materials, half-metals have become very
important because of its 100% spin-polarization. Until now, many efforts
have been dedicated to design half-metallic compounds. Traditionally,
several three dimensional (3D) materials such as in transition metal
oxides, double perovskites, and Heusler alloys have been established as
half-metallic materials [84]. Half-metallicity can be validated
experimentally by measuring the degree of spin polarization around the
Fermi level via point contact Andreev reflection [85], spin-resolved
photoelectron spectroscopy [86], spin-polarized electron tunneling [87].
Generally, half-metallicity can be achieved only when the two conditions
occur simultaneously, one is metallicity in one spin channel and
semiconducting/insulating in another spin channel and the other is the
integer spin magnetization per unit cell [76]. However, general rules
regarding the compositions or structures to design half-metals have not
been found yet. Therefore, first-principles calculations based on density
functional theory have become a powerful tool to explore the possibility of
half-metallicity in diverse structures with different compositions.

Moreover, experimental modelling of such materials needs many trials
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which are very costly. Hence, computational modelling is very crucial
before experimental investigation.

Half-metallic materials can be very much beneficial for several spintronics
devices, particularly for GMR device with non-magnetic materials
sandwiched between ferromagnetic/half-metallic slabs. In GMR, the value
of magnetoresistance (MR) is defined as the relative change in resistance
(or conductance G) between parallel (11) and antiparallel (1))

configurations as follows:
R (1)—R (1)

MR = S (1.2)
_G(MM-c (Y
=L (1.3)

According to the equation described above, it is assumed the spins do not
change direction while passing through the layers in GMR. Now, this
magnetoresistance (MR) can be described by the Julliere formula as below
[88].

2p?
1-P2

MR =

(1.4)

where ‘P’ denotes the spin polarization at the Fermi level (Eg) of the

ferromagnetic/half-metallic layer.

__ DOS{(EF)-DOS|(EF)
" DOS1(EF)+DOS,(EF)

(1.5)

In the case of ferromagnetic materials P < 0, however, for half-metals P =
1, and thus, infinite MR can be observed in GMR device consists of half-
metals as predicted by R. A. de Groot and co-workers [89]. Therefore,
numerous applications have been implemented based on half-metallic
materials. In industry, these materials have a huge prospective in
magnetic random access memory (MRAM) device.

1.7. Role of Dimensionality on Spintronics

At the beginning of spintronics, researchers have mostly investigated
three-dimensional half-metallic materials (transition metal oxides, double
perovskites, and Heusler alloys) for spintronics applications [84]. With

the increment of data processing speed and integration density in the
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semiconductor industry, need for low dimensional half-metallic materials
has been drastically enhanced.

Low-dimensional materials generally refer to those systems where
materials are confined in only two, one or zero dimensions (Fig. 1.6). The
successful synthesis of two-dimensional (2D) graphene introduces a new
horizon to low dimensional materials. After that several 2D and 1D (e.g.
nanotube, nanoribbon) and 0D systems (e.g. nanoclusters, quantum dots)
have been investigated for many applications.
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Figure 1.6: Carbon based low dimensional (2D graphene, 1D carbon
nanotube and graphene nanoribbon and 0D fullerene) materials.

Although, achieving ferromagnetism and half-metallicity in low-
dimension materials is very difficult,  researchers have investigated
several low dimensional materials such as single-layer graphene, graphitic
carbon nitride, hexagonal boron nitride (h-BN), silicon carbide (SiC),

transition metal di-chalcogenides, transition metal di-halides, transition
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metal tri-halides, silicene and their nanoribbons, and nanotubes structures
for spintronics applications [90-91].

1.8. Molecular Spintronics

Molecular spintronics is an interdisciplinary domain where organic
spintronics, molecular magnetism, molecular electronics and quantum
computing merge together to provide a new advanced technology [92].
Traditionally bulk and 2D materials have been used for spintronics
application. However, there is a constant search for new materials in the
domain of spintronics. The conventional electronics industry has already
experienced a performance improvement over the past half-century due to
miniaturization of their ‘top-down’ manufactured components [93]. There
is another interesting approach, namely ‘bottom-up’ fabrication of
molecular components by which miniaturization can be possible without
compromising the performance of the device [93]. In 1974, Arieh Aviram
and Mark A. Ratner proposed for the first time that a molecule could act
as a rectifier [93], and in mid-1990 charge transport through single
molecule was measured [93]. Molecular spintronics proposes to use
molecules to perform spintronic functions and spin-related transport in
molecular magnetic devices for conventional applications and beyond
[92]. The fundamental motivation in molecular spintronics has begun due
to their long spin lifetime and weak spin scattering mechanisms, which
made them the ideal materials to store and manipulate the spin information
[94]. Molecular spintronics device is generally composed of a molecule
sandwiched between two electrodes (electrode-molecule-electrode).
Researchers have already reported several molecule-based spintronics
devices such as single-molecule-magnet (SMM), and spin-valve which are
very important for next-generation spintronics [92, 93]. Therefore,
molecular spintronics is a fascinating playground for scientists to
investigate spins related phenomena, which may be used in next-

generation memory industry.
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1.9. Theory

We have concisely described the fundamental theories and computational
techniques used in our works in this part of the thesis. Density functional
theory (DFT) is one of the most powerful and popular tool for
computations of the quantum state of atoms, molecules and solids. It’s
been past 30 years, since DFT has been used as dominant method for
quantum mechanical simulations of periodic systems. Nowadays it is
routinely applied for investigation of structural, electronic, magnetic
properties, stability analysis of two dimensional and one dimensional
materials.

1.9.1. The Many-Body Problem

Solid-state materials consist of numerous atoms which have built up with
a few hundreds of self-interacting electrons and nuclei. These basic
interactions that occur between the electrons-electron, electron-nuclei or
nuclei-nuclei are due to electrostatic or Coulomb interaction. Quantum
mechanically these electrons should be described by time-independent
non-relativistic Schrédinger equation. Since the electrons in any solid state
materials move at speeds much less than the speed of light, non-relativistic
Schrodinger equation is used. In 1926, Schrodinger proposed the most
important equation to describe any quantum particle, based on the
concepts of the uncertainty principle, wave-particle duality and energy

quantization according to the given equation:

h2v?
- e V()| W) = E¥ () (1.6)
Here, in this above equation (1.6), W(r) is denoted as the wave function of

electron, V (r) as the potential energy of that electron and E is the total

energy of the electron/particle. The parameter m, and r denote the mass
and position of the electron respectively. In addition, A denotes % , Where

h is the Plank constant. Most commonly this equation can be written as

HY(r) = E¥Y(r) (1.7)
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This Hamiltonian of this above equation can only be solved for the single

electron system. For any multi-electron systems this equation becomes,
HW(rl,Tz ...,TN) = EW(Tl,Tz ...,T'N) (18)

Here N in equation (1.8) is the number of electrons. It is practically
impossible to solve Schrodinger equation. Density functional theory
(DFT) is a clever way to solve the Schrodinger equation for such multi-
electron system which is found in any practical solid-state material. It is a
rigorous, way of approaching any interacting problem, by mapping it
exactly to a much easier-to-solve non-interacting problem. To achieve that
aim, the complex many-body wave function, which is the solution of the
Schrodinger equation, is solved from the density which only depends on
the spatial coordinates. The energy is just a function of this function, (i.e.,
a density functional). Most commonly, using this methodology, the
ground-state electronic structure problem is solved. This formulation
which describes any real system by an effective one-body system, was
given by Kohn, Hohenberg, and Sham in the 1960’s. For many-electron

system, the Hamiltonian operator (H) can be written as follows:
H=Te+ T, + Vee + Vo + Vi (1.9)

Here, T, denotes the kinetic energy of the electrons, T, represents the
kinetic energy of the nucleus, V.., V,,, and V. are the potential energy
derived from the electrons-electrons, nucleus-nucleus and electron-nucleus
interactions; respectively. Therefore, the Hamiltonian can be written as:

ZIZ]e

_ n? 2 h?
H= ZmEZivi ZIZMIVI t3 Z”tl =l Z’#m, Rl

le |T1

R,|
(1.10)

In the above equation (1.10), m, and r; are the mass and position of the
electron respectively. The parameters M;, R; and Z, in (1.10) define mass,

position and nuclear charges of nuclei respectively. The kinetic energy of
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electrons and nuclei are represented by first and second terms in the
equation (1.10), respectively. The remaining terms in the equation (1.10)
denote the potential energy which originates due to electron-electron
repulsion, nuclei-nuclei repulsion and electron-nuclei attraction,
respectively. However, solving the Schrodinger equation with this
Hamiltonian is nearly impossible for any many-body system. Therefore,
some approximation needs to be considered to solve this issue. For this
purpose, Born-Oppenheimer (BO) approximation has been introduced in
the year of 1927 by Max Born and J. Robert Oppenheimer [95].

1.9.1.1. The Born-Oppenheimer Approximation

The Born-Oppenheimer (BO) Approximation is an approximation that has
been used in the field of quantum chemistry, molecular physics and solid
state physics for long time. With this approximation, the atomic nuclei and
the electrons are treated separately. Atoms in any system consist of two
parts, one is electronic part and another is nuclear part. BO approximation
considers a large difference in the time’s scales of the motion of nuclei
and electron corresponding to the large difference in their mass (nucleus is
1836 times heavier than that of the electron). Hence, the kinetic energy of
the nuclei can be neglected compared to the kinetic energy of electron.
According to BO approximation, the wavefunction of any molecule can be
expressed as product of electronic and nuclear part as follows:

Wrotar = YEiectronic ¥ nucier (1.11)
Therefore, this method enables us to separate the Hamiltonian operator
into electronic and nuclear terms, in which cross-terms between electrons
and nuclei are neglected, thus, the smaller and decoupled systems can be
solved more efficiently. Finally considering this BO approximation, the

Hamiltonian of the electron can be expressed as follows:

__ My ygryly €y Ze’
H= ZmEZlvi + 22#1 Irl-—rjl ZL'I Ir;—Ryl (1'12)
After applying the BO approximation, the solution of equation (1.7) still

remains very complex for any many-body system. Hence, some more

approximation is needed to find the solution of equation (1.7). This is done

27



by Hartree-Fock theory which imagines a many-body system as non-
interacting electrons in some effective potential, chosen somehow to
mimic the actual electronic system. Since the electrons are non-
interacting, their coordinates can decouple, and their wave function can be
expressed simply as the product of one-electron wave functions. For this
reason, we need to solve a much simpler 3D equation with only three
coordinates, even with many N electrons system, as opposed to a 3N-
coordinate Schrddinger equation.

1.9.1.2 Hartree-Fock Theory

The Hartree—Fock theory is a self-consistent field (SCF) method by which
it approximates an exact N-body wave function to an N non-interacting
electronic system by a single Slater determinant. This theory is based on
the variational principle. Hartree-Fock theory based on an ansatz for the W
that it an antisymmetric product of functions (¢;) each of which depends

on the coordinates of a single electron:

Wyr = \/%det[qbﬂi’qus e On] (1.13)

where ‘det’ is the matrix determinant in the equation (1.13). Expression of
Hartree-Fock energy can be found by substituting this Wy into the

Schradinger equation:

N
1
Epyr = f ¢:(T‘) <_ EZ vi2 + Vext) ¢i(r)dr

10 [ 9L )i )b ()b, (r2)

rdr,
i =]

rdr,
i =]

N * *
_1 j‘bl (7”1)¢j(7’1)¢i(7”2)¢j(7”2)d
2 L
i,j
(1.14)
Here, the second term corresponds to the classical Coulomb interaction
and the third term corresponds to the exchange energy. The parameter V.,

in the first term indicates the electron-nuclei attraction as follows:
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e?

Vext = S (1.15)
The ground state orbitals can be determined by applying the variational
theorem to the Hartree-Fock energy as expressed in the equation (1.14)
with the condition that the orbitals are orthonormal. Therefore, the

Hartree-Fock equations can be found as:

[——V + Ve () + f p(r) dT ] ¢i(r) + [vx(r,r) ¢ (rNdr' = g (1)
(1.16)

where [ (—rr’)|

dr' term denotes Hartree potential and vy (r,r") denotes the

non-local exchange potential such that

Jox(r,r) ¢ (rdr’ = =3 [ d’f(r)d”(”qb( Ndr' (1.17)

[r—r'|
The Hartree-Fock equations above in (1.16) describe a fictitious system of
non-interacting electrons under the influence of a mean field potential
consisting of the classical Coulomb potential and a non-local exchange
potential.
However, accurate solutions need a very flexible description of the
wavefunction’s spatial variation; thus, a large basis set is required.
Therefore, it becomes computationally very costly for practical
calculations. Moreover, the calculated energy of any system using HF
theory is always higher than that of the real energy of the system. This
may be due to the consideration of the average electronic field in which
some amount of the electron-electron correlations is omitted. Therefore,
direct solution of the Schrodinger equation is not feasible for systems in
condensed matter science. This has become a major motivation for the
development some new approach that can solve this issue and it has been
found that the use of density functional theory can solve this problem.
1.9.2. Density Functional Theory (DFT)
Density functional theory (DFT) is a quantum-mechanical approach,
which is used extensively nowadays to investigate the electronic structure

and properties of many-body systems. According to DFT, to compute the
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total energy of any many-body system, 3N dimensional wavefunction
need to not be solved. The ground state energy can be determined by the
diagonal elements of the first order density matrix i.e, the charge density.
Therefore, this theory is the derived from of the N-particle Schrodinger
equation and ground state can be expressed in terms of the density
distribution of the single particle wave function. At the first time, Thomas-
Fermi proposed the first version of DFT with the relation between an
external potential v(r) and the density distribution p(r), where interacting

electrons are moving in an external potential v(r):

3/
p(r) = y( = vers(r)) (1.18)
Verr(r) = v(r) + fli(_—rr?ldr’ (1.19)
1 2m 3/2 f . . .
where y = ﬁ(ﬁ) and u is the r dependent chemical potential. This

model was predicted for ideal free electron gaseous molecules which are
the examples of the non-interacting system. Later on, P. Hohenberg and
W. Kohn proposed two theorems which are very crucial for the DFT
calculations [96-97].

1.9.2.1. The Hohenberg-Kohn Theorems

Hohenberg and Kohn theorems started from Thomas-Fermi theory and
establish the connection between the electron density with the many-
electron Schrodinger equation. These two theorems as proposed by P.
Hohenberg and W. Kohn are described below:

Theorem 1: The first theorem states that the ground state density n(r) of
a bound system of interacting electrons moving under the influence of the
external potential of V,,,(r) determines this potential uniquely. Therefore,
the ground state properties of many electron systems can be estimated
from the electron density n(r) of the interacting electrons under the
influence of the external potential of V,,. (7). The ground-state energy of
Schrédinger’s equation is the functional of the electron density ny(r). In

mathematics, functional refers to mapping from space X to real numbers.
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Thus, in a simple way it can be stated that a functional assigns a number to
a function.

Theorem 2: The second theorem states that electronics ground state can
be calculated by variational principle as follows:

Egs = min¢(¢|H|¢> (1.20)
where Es denotes the ground state energy, H and iy denote Hamiltonian
and ground state wave function respectively. According to this theorem
total energy functional can be expressed in terms of electron density n(r)
and external potential V., (r) as follows:

E[p(1)] = Eyxlp()] + [ Ver @p(r)dr = Egs (1.21)
where, Eyx[p(r)] denotes the internal and kinetic energies of the all
interacting particles of the systems. Therefore, ground state energy of any
system can be obtained only if the functional of the electron density,
which actually minimizes the energy of the system, become the true
ground state density n,(r).

1.9.2.2. The Kohn-Sham Equations

Kohn-Sham equations are also self-consistent equation which has the
same structure as obtained in the Hartree-Fock equation (Eqn 1.16).
However, here the non-local exchange potential is replaced by the local
exchange-correlation potential V... Energy functional in the Schrddinger
equation contains three terms: the kinetic energy term, the interaction
with the external potential and the electron-electron interaction and it can
be written according to the given equation:

E[p] = T[p] + Vexe[p] + Veelp] (1.22)
Kohn and Sham introduced a fictitious system of N non-interacting
electrons to be described by a single determinant wavefunction in N
orbitals ¢;. In this system kinetic energy and electron density can be

expressed as:

Tylpl = =5 XM (| V21p;) (1.23)

31



The suffix in the equation (1.23) represents that this is not original Kinetic
energy of the system rather it is the kinetic energy of non-interacting

electrons which reproduce the ground state density

p() =XV |:l? (1.24)
The interaction with the external potential can be expressed as:
Vexelp] = fVext(r)P(r)dr (1.25)

The electron-electron interaction is the classical Coulomb interaction or

Hartree energy:

Veelp] = Vylp] =2 [ 202202 4y g, (1.26)

|ry—72|
Therefore, this energy functional can be rewritten as follows:
E[p] = Ts[p] + Vexelp] + Vylp] + Exclp] (1.27)
Here new term E,. is introduced in the equation which represents the error
due to non-interacting kinetic energy and the error due to treating electron-
electron interaction classically.

Exc[p] = (T[p] - Ts[p]) + (Vee [p] - VH[pD (128)
Therefore, the Schrédinger equation can be rewritten as:

=3 V% + Vet @) + 5 [T B2 i, + v (1) () = 16507

(1.29)
Here, a local multiplicative potential is introduced which is the functional
derivative of the exchange-correlation energy with respect to density

SExclp]

vye(r) = 22 (1.30)
Therefore, the Kohn-Sham equation can be written as follows:

=372 +Vis(M)] 40 = () (1.31)
where Vis(r) can be defined as follows:

Vis(r) = Vext(r) + V(1) + Ve (1) (1.32)

This Kohn-Sham equation is used extensively both in molecular as well as

solid state problems [98].
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1.9.2.3. Exchange-correlation Functional
The exchange-correlation term in the Kohn-Sham equation (equation 1.27)

IS can be separated into exchange and correlations contributions, which are

as follows:

Eyc(p) = Ex(p) + Ec(p) (1.33)
=> E(n(r)) = Ex(n(1)) + E.(n(1)) (1.34)
The Dirac form is used for exchange contributions

E(p) = —Cp'/3 (1.35)
Where C is a free constant and can be expressed as C = —%(%)1/3,

determined for the homogeneous gas. Functional for correlation energy is
solved by numerical quantum Monte Carlo simulation. The result is fitted
by a number of analytic forms and it is found that all of these yield similar
results which are collectively referred as LDA functionals.

1.9.2.4. Local Density Approximation (LDA)

In the Local Density Approximation (LDA), the exchange-correlation
functional can be expressed as follows [99-100],

EEPA = [ d3r n(r) €40 (n(r)) (1.36)
Where, €M™ (n(r)) is the average exchange-correlation energy of
homogeneous gas as considered in the approximation with the electron
density n(r).

Compared to the Hartree-Fock method, LDA approximation gives better
results and it has been used widely for determination of the stable ground
state properties of the solid state materials. This LDA approximation gives
best result for the system with slowly varying charge density. It can also
give considerably appropriate result where the charge density varies
rapidly. However, LDA has some limitations in the calculation of
thermodynamic and electronic properties when the charge density varies
very quickly. For instance, it overestimates cohesive energy, adsorption

energy and bulk moduli over experimental values while underestimates
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lattice contacts and band gap of semiconductor and insulator over
experimental values [101].

To perform the magnetic calculation for magnetic materials, spin-
polarized DFT needs to be introduced. Moreover, magnetism in any
materials has a large influence on the competition between exchange
energy and kinetic energy. Hence, exchange-correlation functional also
needs to be modified considering the effect of spin-resolved arrangements
of electrons. Considering this effect, the LDA functional becomes local
spin-density approximation (LSDA) [102],

Exd[nn ] = [ €t nn(m)d’r (1.37)
However, researchers have found some drawback in both LDA and LSDA
method that it assumes an almost constant electron density everywhere
resulting overestimation of exchange-correlation energy [102]. Terkura
and co-workers also observed that LSDA is not good enough to estimate
the magnetic properties of metal, oxide and insulator properly [100].
Therefore, some corrections need to be included in the exchange-
correlation functional which is referred to as generalized gradient
approximations (GGA).

1.9.2.5. Generalized Gradient Approximation (GGA)

Instead of using the electron density, Generalized Gradient Approximation
(GGA) method uses the gradient of electron density for the calculation of
the exact exchange energy [103]. Thus, the exchange-correlation function
can be expressed as follows:

ESEA = [ d3rn(r) S,GCCGA(n(r), Vn(r)) (1.38)
The GGA is a more efficient method that works well for the systems with
rapidly varying electron density. It has been observed that GGA provides
accurate results while calculating the lattice parameters, total energies, and
adsorption energies, etc. The regularly used GGA method has been
developed by Perdew, Burke and Ernzerhof (PBE). The exchange energy

of PBE approximation can be expressed as:
EPPE = [ d3r n(r) €EBE(n(r),s(1)) (1.39)
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The PBE exchange energy density depends on the parameter s(r) which is
the product of LDA exchange and enhancement factor EFBE
EPBE(n(r),s(r)) = ELPA(n(r)) * EFPE (s(1)) (1.40)
The spin-polarized counterpart of the GGA exchange-correlation
functional can be expressed with the following form:

EGfAInn ] = [ & (01,0, Vo In(P)dr (1.41)
Several other GGA approximations are also used extensively such as
Perdew-Wang 91 (PW91), revised PBE (RPBE), and Perdew-Burke-
Ernzerhof for solids (PBEsol), etc. [103,104-106].

However, both of these LSDA and GGA methods are failed produce
accurate results for the systems with strongly correlated electrons. This
type of strong correlation generally observed in the partially filled d and f
orbitals. In such case, Hubbard potential ‘U’ is introduced to describe the
strongly correlated electrons in the partially filled d and f subshells. This
method is named as GGA+U method [107-110].

1.9.2.6. DFT+U/GGA+U Method

The basic concept behind DFT+U is to consider the strong on-site
Coulomb interaction of localized electrons with an additional Hubbard-
like term, which is not accurately described by LDA or GGA. Although
these on-site Coulomb interactions are particularly strong for localized d
and f electrons, however, it can be also important for p localized orbitals.
Generally, the strength of the on-site interactions are described by U (on
site Coulomb) and J (on site exchange) parameters. Even though these U
and J parameters can be extracted from ab initio calculations, usually these
are obtained semi-empirically. Within GGA+U approach, the total energy
of the system can be represented as follows:

u! Ul
E= ELDA/GGA + 2 [7Zm,a¢m’a’ ni,?ni::, - 7"1 (n' — 1)] (1.42)
where, nlg =nlZ,. ,n' =3, ,nl?, and the index m labels the localized
states of the same atomic site I. The second term and the third term in the

equation (1.42) denotes the Hubbard term and double-counting terms
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respectively. This GGA+U method improves excited-state properties of

such as energy gaps, and ground-state magnetic properties such as

magnetic moments and interatomic exchange parameters. It is very
important to choose proper ‘U’ values for any particular system as it
directly affects the computational results.

1.9.2.7. Hybrid Functional

Hybrid functional provides better approximations to the exchange and

correlation energy compared to standard density functional LDA and

GGA. Thus, the hybrid functional improves the total energy of any

system. In LDA and GGA, the Coulomb term does not cancel with its

exchange term, leading to the self-interaction error. Hybrid functional
incorporates Hartree-Fock exchange term with the LDA/GGA functional
to reduce the self-interaction term which leads to more accurate

description of total energy [111]. Therefore, Hybrid functional is a

combination of Hartree-Fock (HF), Generalized Gradient Approximation

(GGA) and Local Spin-Density Approximation (LSDA).

Here most frequently used hybrid functionals are given below:

a) B3LYP: It has been found that the B3LYP functional can predict
successfully a wide range of molecular properties. However, it cannot
accurately predict the properties of periodic systems, due to the failure
to attain the exact homogeneous electron gas limit and semiempirical
construction of the functional [112]. The B3LYP (Becke, 3-parameter,
Lee-Yang-Parr) exchange-correlation functional can be expressed as:
EZMP = EXP4 + ao(EXT — ExP") + a  (Eg® — ExP*)

+ELPA + q (ESC4 — ELPA) (1.43)
where, a, = 0.20, a, = 0.72, and a. = 0.81. ES%4 and ES64 are
Becke 88 exchange functional within GGA and correction functional
of Lee, Yang and Parr for B3LYP. ELP4 js the VWN LDA to the
correlation functional.

b) PBEO: The PBEO functional was first developed by mixing 75%
GGA PBE exchange with 25% HF exchange by Adamo and Barone
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[113]. The exchange-correlation functional for PBEO can be expressed
as follows:

EEBEO = = EHF 4 2 PBE 4 pPBE (1.44)
The first and second term in the equation (1.44) denotes HF exchange
and exchange from GGA-PBE functional. The third term EFBE is the
PBE correlation functional.

c) HSE: This HSE functional was first developed by Heyd, Scuseria,
and Ernzerh which uses an error function screened Coulomb potential
to calculate the exchange energy to improve the GGA-PBE functional,
HSE functional proved to be very efficient particularly for metallic
systems. Most commonly this functional is used to predict the band
gap of semiconductors as it predicts band gap values close to the
experimental values [114]. The exchange correlation energy for HSE
functional can be expressed as:

EFEER = aEJFSR(w) + (1 — a)ELPP R (w) + EFPPR(w) + EEPE
(1.45)
where, a is the mixing parameter and w is the adjustable parameter for
controlling the short-ranginess of the interaction. Most commonly a =
1/4 and w= 0.2 is taken which is referred to as HSE06 functional.
1.9.2.8. Projector Augmented Wave (PAW) Method
The Projector Augmented Wave (PAW) Method is a technique that is used
to describe the interaction between ion and core electrons during ab initio
electronic structure calculations. It is a combination of the ultra-soft
pseudopotential and linear augmented-plane-wave methods which can
perform with greater computational efficiency. Atomic wavefunctions are
mutually orthogonal since all the atomic wavefunctions are eigenstates of
the atomic Hamiltonian.  Generally, the core electrons are almost
unaffected by the chemical environment of an atom. Thus, valence states
wavefunctions must oscillate rapidly near the core region to maintain the
orthogonality of wavefunctions. The large Kinetic energy generated due to

the fast oscillation of valence wavefunctions in the core region is balanced
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by large potential energy due to the strong Coulomb attraction. Generally
the valence electrons are described by plane wave basis set. However, it is
computationally difficult to represent the rapidly varying valence
wavefunction near the core region by plane waves. The PAW method
solves this problem transforming these rapidly oscillating wavefunctions
near the core region into smooth wavefunctions which are more
computationally convenient [115].

The linear transformation operator (T'), transforms the all electron wave
function, ¥, to a pseudo wave function, ¥, as follows

@) = TIP,) (1.46)
Around each atom, both of these I¥,) and 1%, can be expanded as linear

combination of partial waves for each augmentation regions,

Wn) = Xicil i) (1.47)
1P,) = Xicil ;) (1.48)
The transformation operator, T is written as

T=1+ Xi(Ipn) — 1)) (Bl (1.49)

Here (p;! is the set of projection function which can be initiated from
different practical schemes. In my thesis work, the PAW method has been
used as implemented in the Vienna ab-initio simulation package (VASP)
[116].

1.9.2.9. Dispersion in Density Functional Theory

The above discussed local and semilocal density functionals are unable to
describe correctly van der Waals interactions which mostly occurs due to
dynamical correlations between fluctuating charge distributions.
Therefore, another method is introduced to incorporate the dispersion
interactions adding a correction term with the conventional Kohn-Sham
DFT energy. In general, Grimme’s method is used for dispersion energy
correction. Grimme’s DFT-D3 has been used in my thesis work. Total

energy in DFT-Dj3 can be given by [117]

EDFT—D3 = Exs_prr — Edisp (1.50)
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Where Exs_ppr is the self-consistent Kohn-Sham energy and the E;qp, is
the dispersion correction term which is the sum of the two-body and three-
body energies

Egisp = E®@ +E® (1.51)

@) Ca®
E = 2A32n=6,8,10....5n@ fdamp(RAB) (1-52)

The equation (1.52) provides most important parameter two-body energy,
which is summation of all atom pairs, where CA? represents averaged nth-
order dispersion coefficient for pairs AB atom pairs, and Ryp is the intra-
nuclear distance between A and B. Here, S, denotes the adjusted
correction for the repulsion. For avoiding double-counting effect of
correlation, a damping function fy,m,(Rap) is used as an intermediate
distance. By applying the concept of short-range damping analogy as a
pair wise term, nonadditive energy contribution (three body contribution)

can be expressed as [117]

E® =Y apc fa,3)(Tapc) EAEC (1.53)
In the equation (1.53), provides summation of all over atoms triples ABC
in the system and r,p. is the geometrically averaged radii used as a
damping function. The parameter E4B¢ is the nonadditive dispersion term
(also called as Axilrod-Teller-Muto or triple dipole) derived from the
third-order perturbation theory for three atoms ABC. Since the dispersion
correction mainly related to the atomic forces, some structural change is
observed generally during optimization of the system with respect to the
non-correction based optimization.

1.9.3. Other Computational Tools

1.9.3.1. Ab initio Molecular Dynamics

The effect of temperature on the structure and dynamic behavior of the
system is investigated by ab initio molecular dynamics (AIMD)
simulation. AIMD simulation is more accurate than the MD simulation as
it is based on the quantum Schrodinger equation rather than Newton’s

equation which is used in the classical MD simulation [118]. Moreover,
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AIMD uses real physical potential while MD relies on semiempirical
effective potentials which approximate quantum effects. However, the
only drawback of AIMD simulation compared to MD simulation is its
huge computational cost, which limits its application to a few hundreds of
atoms. Common thermal ensemble used in AIMD simulations are
microcanonical ensemble (NVE), canonical ensemble (NVT), isobaric-
isothermal ensemble (NPT) and grand canonical ensemble (uVT). In a
microcanonical ensemble (NVE), the system is isolated, total energy is
constant and all the microstate has equal probability. In canonical
ensemble (NVT), the system can exchange energy via a heat bath, the

temperature is constant and probability of any state i is given by

_Ei/
e KpT

_Ei/
Yie /KBT

pi = (1.54)

In NPT ensemble both the pressure and the temperature are constant.

In this thesis work, AIMD simulation was done using canonical ensemble
(NVT) at different temperature with a time step of 1 femto second. During
the AIMD simulation, the temperature can be controlled using different
types of thermostat models such as Berendsen thermostart, Anderson
thermostat and Nosé-Hoover thermostat. In our calculation, Nosé-Hoover
thermostat model is used for temperature controlling [119].

1.9.3.2. Bader Charge Analysis

We have used Bader charge analysis in our thesis work to investigate the
partial charge transfer mechanism inside our system. This method was
developed by Richard Bader, from McMaster University, which provides
an intuitive way of dividing molecules or solid state materials or crystals
into atoms. This analysis based on the electronic charge density which can
be visualized by VESTA (Visualization of Electronic and STructural
Analysis) software package [120]. This division of atoms in the system is
done by zero flux surfaces which is a two-dimensional (2D) surface on
which the charge density is a minimum perpendicular to the surface. Both

in molecular systems and solid state materials, the charge density reach a
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minimum between atoms and this is a natural place thus separating atoms
from each other. The charge inside the Bader volume generally gives a
good approximation to the total electronic charge of an atom.

In this thesis work, a fast algorithm is used on the charge density grid for
Bader charge analysis which was developed by Henkelman and coworkers
[121]. This program read the charge densities from the CHGCAR (VASP
format) to produce total charge associated with each atom as output.
1.9.3.3. Phonon Dispersion

Phonon Dispersion calculation is carried out to investigate the dynamic
stability of any system. The term ‘phonon’ defines a collective vibration of
periodic atoms in molecules as well as in condensed matter, which
represents an excited state in the quantum mechanical quantization of the
vibrational modes of elastic structures of interacting particles. In static
model, the atoms are arranged in a crystal periodically without any
movement. Lattice dynamics deals with the concept that periodically
arranged atoms in the crystal lattice are capable of motion due to thermal
excitation. In practical case, all the atoms vibrate to some extend due to
thermal agitation. The vibration of an atom is a superposition of vibrations
of atoms around their equilibrium sites due to the interaction with
neighbor atoms. This collective vibration of atoms in the crystal lattice
forms a wave having allowed wavelength and amplitude. Comparing with
light ‘quanta’ photon (which also has wave nature), quantum of lattice
vibrational waves is named as ‘phonon’.

Phonon frequency calculation is done by density functional perturbation
theory (DFPT) [122] as implemented in VASP. Phonon dispersion is
plotted by the Phonopy package [123], which gives the dispersion of the
phonon frequencies along the high symmetry points of the Brillion zone in
reciprocal space.

1.9.4. Magnetic Calculations

1.9.4.1. Magnetic Anisotropy Energy (MAE)
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Magnetic anisotropy energy (MAE) provides an idea about the preferable
orientation of spin with respect to magnetic field direction. This MAE is
an important parameter for magnetic materials to determine the low-
temperature magnetic orientation with respect to the lattice structure,
which is directly related to the thermal stability regarding magnetic data
storage. Without any external magnetic field these spin have no
preference. This orientation of spins responds to the applied magnetic
field. There exists an axis called easy axis (EA) of magnetization along
which spins in a magnetic material tend to align very easily when an
external magnetic field is applied along that direction. Similar way, there
also exists another axis namely hard axis (HA) of magnetization along
which spins in a magnetic material do not tend to align very easily when
an external magnetic field is applied along that direction.

Here, in my thesis work, the magnetic anisotropy energy (MAE) is
calculated using the torque approach [124-126]. For this, non-collinear
self-consistent calculations (including spin-orbit coupling) has been
carried out along <001>, <010>, <100>, <110> and <111> directions,
considering them as magnetization axis directions, respectively.
Considering the origination of MAE from the perpendicular and in plane
contribution of spin orbit coupling (SOC), MAE can be expressed in terms
of angular momentum operators Lx, Ly or L. In this case, contribution of
different spins orientations can be expressed by the second-order
perturbation equation [126]

|<o|Ly|u>|2- | <o|Ly|u>]?

MAE = 52 Zo,u Fy—E,

(1.55)

In the above equation (1.55), o and u represent the occupied and
unoccupied electronic states, respectively. The two parameters E, and E,
represent their respective band energies. The parameter & denotes the
strength of the SOC. Therefore, the system should have a high value of &
for acquiring high MAE value which has potential for practical spintronics
application. Fundamentally, the interaction between the occupied and

unoccupied orbitals in a system determines the preferred spin orientation
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of the electron. From our first principle simulation, the MAE is calculated
by using the following equation:

MAE = Ey, — Ega (1.56)
where Eg, denotes the energy of the system along easy axis when an
external magnetic field is applied and E, is the energy of the system
along hard axis under application of magnetic field.

1.9.4.2. Mean Field Theory (MFT) Method

Mean Field Theory has been used in this thesis work for calculating the
Curie temperature of all our the two-dimensional (2D) systems.
Previously, this method has been used by Li and coworkers for the Curie
temperature calculation [127]. In this approach, all the magnetic
interactions are replaced with one body interaction with an average or
effective interaction [128]. As a result, this method reduces any multi-
body problem into an effective one-body problem. The partition function
used in this method can be written as follows,

Z= Zmz—M,—M+2,.....M—2,M eyjlm<M>/kBT (1.57)

Here in the equation (1.57), the ‘J” is the exchange parameter, ‘y’ is the
coordination number, ‘m’ is the ensemble average magnetic moment, and
“M” is the calculated magnetic moment for our system per unit cell.

Therefore, the average spin of each magnet becomes,
1
<m>= EZm=—M,—M+2,.....M—2,M m x e¥J m<M>/ksT (1.58)

v

Considering P =
kgT

, the above equation (Equation 1.58) can be

deductible easily when the parameter ‘P’ varies along with the static

solution <m>. At the critical point,

p=p.=2L (1.59)

B kT,

At this critical point, a phase transition occurs in the system between
ferromagnetic to paramagnetic state which is known as the Curie

temperature of the system.
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1.9.4.3. Monte Carlo Simulations (MC Simulation)

Monte Carlo simulation is used in this thesis work to calculate the Curie
temperature of the system. Since it is reported that mean-field theory
(MFT) generally overestimates the value of Curie temperature while the
Monte Carlo (MC) simulation gives more reliable results, Curie
temperature of the systems was calculated by Monte Carlo simulation
[129-131]. It generates a subset of configurations or samples, chosen from
a random algorithm from a configuration space. This is done using a
probability distribution or weight function. Observables are computed as
averages over the samples [132]. Let us denote one configuration of the
magnet in a particular assignment of spin values as the follows,

S =418, ==1;S3 =41 e e e v e e Sy = +1 (1.60)
Here, the spin configuration is set as either “up” or “down”. The average
value of an observable can be calculated by weighting each configuration
with the Boltzmann factor using statistical mechanics. In this way, the
average magnetization at some fixed temperature T can be calculated as,

Yconfig Me~E/kBT

—E/kgT

<M> = (1.61)

Yconfige
At the critical point, a noticeable fluctuation of the magnetic moment is
observed, which is known as the Curie temperature (T,) of the system.
1.9.4.4. Calculations of Curie temperature for itinerant magnetism
Itinerant magnetism deals with strong interaction between conduction
electrons in a magnetic system [133]. This was modelled by Stoner
criterion [134], in which a large density of states p(Er) arise at Fermi
level (Er) and large coupling constant I is observed, which can predict the
long-range magnetic order below the ordering temperature. The strength

2

of magnetism ( i.e how “strong” or “weak” the magnetism is) is
determined by the difference between the magnitude of the spin-up and
spin-down ( ny — n; ) density. Since, Monte Carlo simulation based on
local magnetism model is not appropriate for itinerant magnetic system

[135], Curie temperature for such system can be calculated by gradually
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increasing the Gauss smearing factor (o) to investigate the effect of
temperature (KgT) on magnetic moment of the system. Gauss smearing
factor is related to the temperature by the following equation:

o =KgT (1.62)
As the smearing factor increases, the temperature also increases, which
enhances the thermal excitation and thus eventually weaken the magnetic
moments. Finally, at a certain temperature magnetic moment becomes
zero, results in the Curie transition.

1.9.5. Spin-Transport Calculation

Spin-polarized transport is calculated for our spin-filtering device using
the SIESTA (Spanish Initiative for Electronic Simulations with Thousands
of Atoms) code [136-139]. The transmission function and [ —V
characteristics curves are computed by combining the non-equilibrium
Green’s function (NEGF) and DFT approach, as implemented in
TranSIESTA module of SIESTA code [136]. The transmission function
defines the possibility of an electron to be transmitted from left electrode
to right electrode through the central scattering region with specific energy
(E). This transmission function can be calculated from the given equation:
T(E,V) = tr[Ix(E, V)G (E, VIIL(E, V)G (E, V)] (1.63)
where G is the Green’s function of the central scattering region and is the
coupling matrix of left and right electrodes. Further, the integration of

transmission function provides the electric current as follows [136]:

1) =22 [*T(E, Vo) [f (E = wy) = f(E — pp)ldE (164)
Where T(E,V,) is to represent the transmission spectrum of the electrons
entering at energy (E) from Left (L) to Right (R) electrode in presence of
an applied finite bias voltage V,, f(E — ML,R) is showing the Fermi-Dirac
distribution of electrons in the L and R electrodes and pj, g the chemical
potential where ;g = Er £ V,,/2 are moved correspondingly up and

down according to the Fermi energy Ep [137-139].
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2.1. Introduction

Contemporary developments in nanoscience and nanotechnology have
created the opportunity to use the electron spin instead of electron
charge while developing next generation device. Scientists the world
over have been envisioned spintronics devices as a new forthcoming
technology replacing the conventional electronic devices in recent
times [1, 2]. Fundamental concept in spintronic research for practical
applications is to develop materials with well-arranged spin structure
and 100% spin polarization [3]. Half-metals are remarkable materials
with one conducting spin channel and one insulating/semiconducting
spin channel, and are considered ideal for spintronic applications [4].
In the contemporary research, much interest has been focused on
developing low dimensional ferromagnetic half-metals to assist the
fabrication of spintronics device at nanoscale.

After the first successful exfoliation of graphene, researchers have
devoted much effort to develop 2D crystals for spintronics
applications. However, intrinsic robust magnetic order in a single 2D
layer was absent until 2017, when two independent experiments
showed magnetic order in Cr,Ge,Tes [5] and Crl; [6] at low
temperature in the monolayer. Layered chromium triiodide [6-8] has
attracted interest as a potential candidate for two-dimensional magnets
after the synthesis of its monolayer, which was established as the
thinnest intrinsic FM material with a Curie temperature (T¢) of 45 K
[6]. This discovery opens up the prospect of accomplishing intrinsic
spin ordering in 2D materials. Consequently, tremendous attention in
developing 2D layered magnetic materials has been recently observed
[9-12].

Inspired by the discovery of thinnest 2D layered magnet Crls in 2017
[6], we have started investigating the layered Crl, crystal [13] and
found that Crls single layer can be obtained by creating a particular
pattern of Cr vacancies in the Crl, monolayer. This idea motivated us
to fabricate a magnetic monolayer similar to Crlz by creating patterned

vacancy in similar di-halide structures.
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Most of the layered 2D magnetic crystals reported to date are transition
metal halides [6-8], or transition-metal trichalcogenides [3, 12, 14-16].
It has been also reported earlier [17,18] that researchers have preferred
investigations into the main group based system over TM based ones
due to their longer spin relaxation time, which is a prerequisite for
using any magnetic materials in spintronics and data storage
application.

Although several alkaline earth halides [19] possess similar layered
crystalline structures as Crl, [13, 19, 20], these materials have not been
explored for magnetism and spintronics application to date. Many of
these halides are geologically abundant and have great application
value. Amongst them, bulk MgCl, is most common in nature, can be
extracted from brine or seawater [19], and utilized for dust control, ice
control and hydrogen storage. Monolayer and multilayer MgCl, thin
films have been grown on various transition metal single crystal
surfaces, such as Pd (111) and (100), Pt (111) and (100)-hex and Rh (1
I 1), by H. Fairbrother and co-workers using molecular beam epitaxy
(MBE) and low energy electron diffraction (LEED) method [21-22].
Motivated by these findings, we have investigated the MgCl,
monolayer for possible spintronics application.

Due to absence of intrinsic spin ordering in metal-free materials,
magnetism was achieved by several approaches, such as phase
incorporation due to vacancies [23], adatom defect [24-26], and
substitutional doping [27]. However, these approaches show the
introduction of local magnetism centered in a single atom in a main
group based system. Creating a patterned Mg vacancy in MgCl,
monolayer can explore new monolayers similar to that of Crls, where
the magnetic moment would be distributed over the Cl atoms. Hence,
analyzing the magnetic ground state (ferromagnetism or anti-
ferromagnetism) in such system is an intriguing research area. These
holes in MgCl, monolayer can be produced experimentally using
heavy ion bombardment or beam treatment [28-29]. Magnetic
interactions in such systems are different than in the previously studied
transition metal based system. Hence, in this report we will explore the
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effect of hole density on magnetism and the type of magnetic exchange
interactions in Mg vacancy induced MgCl, monolayer.

2.2. Computational Methods

We have performed spin-polarized density functional theory (DFT)
calculations for all our structures as implemented in the Vienna Ab
initio Simulation Package (VASP) [30]. All our calculations have been
carried out within the Perdew-Burke-Ernzerhof (PBE) functional using
generalized gradient approximation (GGA) [31-32] to describe
correctly the electron—electron exchange and correlation energies of
delocalized s and p electrons. Projected augmented wave (PAW)
method [33] is employed using a plane wave cut-off energy of 320 eV
to treat interactions between ion cores and valence electrons. Since the
van der Waals interactions play a very decisive role for the layered
systems, we have adopted van der Waals corrected density functional
theory (DFT-D3) proposed by Grimme to overcome the deficiencies of
DFT in treating dispersion interactions and correcting potential energy
and interatomic forces [34]. MgCl, monolayer and defect induced
various phases of MgCI, structures are modeled using (3x3x1)
hexagonal supercell containing 27 atoms. We have used gamma-
centered k-point grid of 9 x 9 x 1 is used to sample the first Brillouin
zone of MgCl, monolayer for geometry optimization and 15x15x1 is
used for spin-polarized electronic properties (Density of States)
calculations. A 20 A vacuum is employed along the z-direction for
avoiding interactions between their periodic images. We have
accomplished self-consistency with the convergence tolerance set to
10° eV and 10-3 eV.A™? for total energy and force calculations
respectively.

We have done bader charge analysis [35-37] using the Henkelman
programme [38] with a near-grid algorithm refine-edge method to
comprehend the charge transfer process. Moreover, we have calculated
defect formation (Er) energies under two different experimental
conditions (Mg-rich environment and Cl-rich environment) to estimate

the stability of various phases of MgCl, systems. Defect formation
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energy under Mg-rich environment can be calculated from the
following equation [39-40]

Ep = Edef—phase - (EMgCZZ — N X UMg—max) (2.1)

Where Eg.r_pnase 1S total energy of the Mg vacancy induced phases of
MgClz monolayer, Eygci, is the total energy of pure MgCl, system,
Hmg-max 1S the chemical potential of Mg under Mg-rich environment
and N is the number vacancy created in the MgCl, supercell. Under
Mg-rich environment, uyg—max = Emg(Buti)» Where Engpuiky 1S the
single atom energy of Mg atom from its respective bulk structure [41].
Defect formation energy under Cl-rich environment can be calculated
from the following equation [39-40]

Er = Edef—phase - (EMgClz — N X P-Mg—min) (2.2)

Where ppg-—min is the chemical potential of Mg under Cl-rich

environment which can be calculated as
HMg-min = (EMgCZZ—unit —2X uCl—max) (2.3)

Here, Eygciz—unie 1S the total energy of the MgCl. unit cell containing
one Mg and two Cl atoms and p¢;—max 1S the chemical potential of Cl,
which is single Cl atom energy from gaseous phase.

Furthermore, to predict the magnetic ground state of in defect induced
phases of MgCl, monolayer, we have calculated the exchange energy
[39] (E.x) per unit cell and magnetic anisotropic energy [39] of
M0o.8990.11Clo. The exchange energy per supercell (E.,) is calculated
using the following equation where Eg,, and E,r,, denotes the energies
of ferromagnetic and antiferromagnetic states.

Eex = Egrm — Epm (2.4)

Similarly, magnetic anisotropic energy (MAE) [42] per unitcell is
calculated incorporating spin-orbit coupling (SOC) effect using the
following equation (2.5) where Ey, is the energy of the system (along
hard axis) with application of magnetic field along magnetizing
direction (100), (010), (110), (111) and (001). Eg, is the energy of the

system in present of a magnetic easy axis, which is an energetically
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favorable direction for spontaneous magnetization. We have also tried
two out of plane direction (001) and (111) magnetizing direction.
MAE = EHA — EEA (25)

The spin density distribution (SDD) [39] is plotted to understand the
nature of electron spin density on the unpaired electron in Mg vacancy
induced phases of MgCl, monolayer. The SDD is calculated using the
following equation

Psp = Pup — Pdown (2.6)

Here, p,, and pgoun are the up and down electron spin density,
respectively. In the SDD, the wave functions (up spins and down
spins) for different lobes are indicated by yellow and blue colors
respectively. The direct mapping of the electron spin density is
measured by the neutron diffraction in electron spin resonance (ESR)
spectroscopy [39].

2.3. Results and Discussion:

2.3.1. Cleavage energy of monolayerMgCl, from bulk

It is important to calculate the cleavage energy to scrutinize the
feasibility of exfoliating a monolayer from the MgCl, bulk structure
prior to the actual study of MgCl, monolayer. Bulk magnesium
chloride (MgCl,) possesses a rhombohedral layered CdCl,-type
structure (named as a-MgCly) [43]. The optimized lattice constants of
bulk 0-MgCl, are a = b = 3.64 A and ¢ = 17.67 A (Fig. 2.1), which
match earlier theoretical (a = b = 3.65 A, and ¢ = 17.78 A) and
experimental (a=b =3.635 A, and ¢ = 17.61 A) reports [43]. We have
performed spin-polarized density functional theory (DFT) calculations
for all our structures as implemented in the Vienna Ab initio
Simulation Package (VASP) [30]. We have implemented a fracture in
the bulk and then systematically increased the distance between the
two fractured parts and measured the variation in total energy. This is a
very well-known, effective and widely approved method to calculate
cleavage energy [3, 14, 44-45]. We have also added van der Waals

(vdW) correction terms in our calculations [34]. The calculated
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cleavage energy for MgCl, is 0.16 J m2, which falls in the range of
previously reported values for rhombohedral CrCls (0.10 J m™2), CrBrs
(0.14 J m2) and Crl; (0.16 J m2) structures [44]. This cleavage energy
is even smaller than that of graphite (0.36 J m™%), [44] which
demonstrates that a 2D MgCl, monolayer can be cleaved easily from

the layered bulk phase.

Figure 2.1: Crystal structure of bulk MgCl,: (a) top view and side
view, (b) supercell geometry (3 x 3 x 1) of bulk MgCl, with an
introduced fracture to simulate the exfoliation procedure. (c) Cleavage
energy Ecl (J m™®) as a function of the separation between two
fractured parts.

2.3.2. Incorporation of magnetism in MgCl, monolayer

In this work, we have considered a three atom hexagonal unit cell (Fig.
2.2a) of MgCl, monolayer (ML). Our optimized lattice parameters (a =
b = 3.64 A) match the previous published theoretical (3.67 A, 3.621 A)
[19, 46] and experimental (3.641 A) data for MgCl, monolayer [46].
The calculated Mg—Cl bond distance is found to be 2.52 A, which is
also consistent (2.52 A) with a previous theoretical report [46]. The
total electron density distribution of MgCl, monolayer (Fig. 2.2b)
shows that the electrons are highly localized around Cl atoms. Phonon
dispersion plot of monolayer MgCl, (Fig. 2.2¢) indicates that MgCl; is

dynamically stable, which is also consistent with an earlier theoretical
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report [46]. Our calculated band gap (~6.01 eV) of the monolayer also
matches previously published results (5.98 eV, 6.00 eV) [19, 46].

These results indicate that our level of theory is correct enough to

proceed with further calculations.
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Figure 2.2: (a) Optimized structure (top/side view), (b) total electron
density (isosurface value: 0.08 e A%, (c) phonon dispersion plot, (d)
spin polarized total density of states (TDOS) of the MgCl, monolayer.
Here, the black dashed box indicates the unit cell of MgCl, system.
The Fermi level is shifted to zero and indicated by a navy blue dashed
line.

To induce magnetic ordering in the MgCl, monolayer, it is essential to
have spontaneous spin moments in the sheet, which can be created by a
hole doping strategy. First, we considered a 3 x 3 x 1 supercell of
MgCl, monolayer (with 9 Mg and 18 Cl atoms) to create
Mgo.8960.11Cl2, Mgo.7880.22Cl> and Mgo 6700.33Cl2 by removing one, two
and three Mg atoms, respectively (Fig. 2.3). Here ‘6’ refers the Mg
vacancy in the MgCl, monolayer. These systems are found to be
magnetic with a magnetic moment of 2.00uB per Mg vacancy. Since
Mg has two 3s electrons in its outermost shell, the removal of a single
Mg atom creates two holes in the system, which induce magnetism.

Therefore, these systems exhibit total magnetic moment of 2.00uB,
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4.00uB and 6.00uB, respectively, and an apparent asymmetric spin

density from the spin-polarized density of states.
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Figure 2.3: Optimized structures, spin polarized density of states along
with magnified spin-polarised TDOS around the Fermi levels showing
half-metallic gap (A, in the inset figures) and band structures of (a)
Mgo.8960.11Cl2, (b) Mg .7880.22Cl2, (C) MQo.6700.33Cl2 systems. The Fermi
level is set to zero and indicated by the blue dashed line.

Interestingly, these systems show half-metallic character (Fig. 2.3) as
observed from electronic properties (TDOS and band structure plots).
These half-metallic systems (Mgo.8900.11Cl2, Mgo.786022Cl,  and
M0go.6700.33Cl2) exhibit insulating spin-up channel (majority) and
metallic spin-down (minority) channel. Creation of holes introduces p-
type character in the system shifting the Fermi level lower inside the
valance band. As we increase the hole doping density, the relative
energy between spin polarized and non-spin polarized state increases
gradually (0.16 eV, 0.21 eV and 0.32 eV), and thus the splitting
between majority spin states and minority spin states increases.
Therefore, the minority spin level crosses the Fermi level introducing
half-metallicity in the system. The spin up state gap of a defected Mg
systems increases (6.135 eV, 6.301 eV and 6.431 eV) with increasing
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vacancy concentration (Table 2.1). Magnified TDOS plots around the
Fermi levels (inset figures, Fig. 2.3) show the half-metallic gap [47]
decreases (0.242 eV, 0.157 eV and 0.065 eV) with increasing vacancy
concentration.

Table 2.1: Summary of magnetic moments/vacancy (uB), nature of the
material and spin-up band gap (eV) for with different Mg-vacancy

concentrations

Mg Vacancy Magnetic Nature | Spin-Up Half-
in MgCl, moment Gap (eV) Metallic
/vacancy(uB) Gap (eV)
Mgo_8980_11C|2 2.00 Half- 6.135 0.242
Metallic
Mgo_7380_22C|2 2.00 Half- 6.301 0.157
Metallic
Mgo_5780_33C|2 2.00 Half- 6.431 0.065
Metallic

Ferromagnetism and half-metallicity has been explored in some
pristine transitional metal based di-halide (MX;) [48], di-chlorides
(MCIy) [49], tri-halide (MX3) [50], and tri-chlorides (MCl3) [47]
earlier; however, in our work we are predicting Mg-based robust
ferromagnetic half-metallic layered material with wide spin-up gap up
to 6.431 eV for the first time, which is an interesting and rare finding
among the p-orbital based magnetic systems. Achieving half-
metallicity for all these ranges of vacancy concentrations in a main
group based system is noteworthy. Interestingly, the band structure
plot of Mgog9d0.11Cl> exhibits an unusual feature similar to a half-
metallic Dirac cone [51-52] near the high symmetry K point (Fig. 2.4),
where the Mgo.s900.11Cl> system shows Dirac point in one spin channel
(with Fermi level exactly touching the Dirac point) and a gap in the
other spin channel [51-52].

A half-metal with a Dirac cone in one conduction channel has massless
electrons and hence high electron mobility in one spin channel [52].
However, several theoretical attempts for achieving half-metallicity in
graphene have altered its Dirac cones [52]. Therefore, it’s remarkable

to have a Dirac cone at the Fermi level and half-metallicity
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simultaneously in the new MgCl, based material. To investigate the
origin of Dirac cone, we have further explored the orbital resolved
band structure (Fig. 2.4d-f). It reveals that the Dirac cone in
M0o.8980.11Cl> system originates from the CI py, py and p, orbitals,
similar to that in BesC, (p, orbital of Beryllium and Carbon) [53].
Further exploration of the band structure using GGA-PBE calculation

shows that our system has a very small ~1 meV gap in the spin-down

channel.
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Figure 2.4: (a) Optimized structure, (b) spin polarized density of states
and (c) band structures (showing coexistence of half-metallicity and
Dirac cone) in Mgo.g96011Cl,> system, (d)—(f ) orbital resolved band
structure of Mgp.g900.11Cl>. The radii of the red, green and violet circles
are proportional to the ClI py, Cl py and Cl p, character, (g) band
structure (showing only spin-down channel) of Mgog90.11Cl, System
using PBEsol and (h) expanded view of band structure of
Mgo.8990.11Cl,  using PBEsol showing gapless Dirac cone in
Mo.8900.11Cl> system. The Fermi level is set to zero and indicated by
the blue dashed line.
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GGA-PBE functions tend to overcompensate and underbind, thus
overestimating the lattice constants [54], and therefore producing error
while estimating band gap. Therefore, we have further studied the band
structure using PBEsol and found that a gapless Dirac cone exists at
Fermi energy near the K point, which confirms the co-existence of
half-metallicity and a Dirac cone in our system. Therefore, these
fascinating systems are further investigated to clarify their profound
properties.

2.3.3. Energetic stability and experimental realization

We have calculated the vacancy formation energies of Mgo.gs00.11Cl2,
M0o.7800.22Cl> and Mgos700.33Cl> phases under different experimental
growth conditions, which are tabulated in Table 2.2.

Table 2.2: Summary of formation energy/vacancy (Eg) under Mg-rich
and Cl-rich environments for with different Mg-vacancy

concentrations

Mg Vacancy in Formation energy (eV/Vacancy)
MgCl, Under Mg-rich Under Cl-rich
environment environment
Mdo.8990.11Cl> 7.99 2.16
Mgo,7850,22C|2 7.96 2.13
Mdo.6790.33Cl> 7.89 2.05

The calculated results show that the formation energies of the Mg
vacancy induced phases under Mg-rich environment range from 7.99—
7.89 eV per vacancy while formation energies under Cl-rich
environment range from 2.16-2.05 eV per vacancy. Hence, the
creation of Mg vacancy is favorable under a Cl-rich environment.
Since, achieving lower defect concentration by heavy ion
bombardment or beam treatment is experimentally more feasible than
creating patterned vacancy, we have mainly discussed Mgpg960.11Cl2
system in the following sections. We have further analysed more
deeply the possibility of synthesizing Mg sgd0.11Cl, System. It has been
reported earlier that a significant density of Mg vacancies were
observed in ultrathin (001) MgO deposited by dc (direct current)
magnetron sputtering [55]. The bond length of Mg-O in MgO
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monolayer [56] is 2.01 A, which is shorter than the bond length of
Mg-Cl (2.52 A) in MgCl, monolayer [46]. Since bond strength is
inversely proportional to the bond length, we assume that creation of
Mg vacancy in MgCl, monolayer can also be experimentally
realizable. Furthermore, the concentration of various defects can be
controlled by regulating the synthesis process or deliberately induced
via irradiation by high energy particles, including by electron beam,
ion beam, high energy laser, or chemical etching [57]. Electron beam
irradiation can generate knock-on damage or ionization damage during
extended irradiation. To generate a point defect, the electron beam
energy should be higher than the knock-on damage threshold [55] for
the system. To compare our results with previously reported systems,
we considered single S and Mo vacancy in MoS, vacancy system.
Formation energy of a neutral S vacancy in MoS, under a S-rich
environment and a Mo vacancy under Mo-rich environment are
theoretically calculated as 2.35 eV and 8.02 eV [58]. Although Mo
vacancy in MoS; was not seen experimentally, S vacancy has been
achieved [59]. A S line vacancy in MoS, monolayer has been
experimentally synthesized even though the predicted value of
formation energy was large (5-6 eV per vacancy) [58]. Hence, we can
predict that the synthesis of Mgpged011Cl, System is practically
achievable.

2.3.4. Dynamic and thermal stability

Dynamic stability of Mgog96011Cl, system is analyzed from phonon
frequency calculations and phonon dispersion plot. The phonon
frequency calculations are performed using the density functional
perturbation theory (DFPT) [60] as implemented in VASP and phonon
dispersion calculations are carried out using the Phonopy code [61].
Phonon dispersion plot of Mgpged0.11Clo system exhibits imaginary
frequency of 41.96i cm™* (Fig. 2.5b) after relaxation of phonon soft
mode (Fig. 2.5a), which is the highest of four exhibited imaginary
frequencies (0.38i, 0.49i, 0.56i, 41.96i cm’). The modes
corresponding to the frequencies 0.38i, 0.49i and 0.56i cm ™ are very
small and hence, can be considered as numerical noise. Analysis of the
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highest imaginary frequency (41.96i cm™) reveals that these
instabilities are arising from the slight vibrational motion of Cl atoms
which may be stabilized using a proper substrate [62-64].

() ()

o R R s e R e e
SIS/ LNIS /0L
B B
B R R B R B e
X o‘\‘o o‘\‘o‘ "
e e e e e
o R e A e o
X - o
o R o e e o o e

—300 K

. 1
Frwquency (em

5000 10000 15000 20000
Time (fs)

Figure 2.5: (a) Optimized structure after phonon soft mode relaxation,
(b) phonon dispersion plot after phonon soft mode relaxation and (c)
total energy fluctuation of AIMD simulation of Mg g900.11Cl, System.
Phonon dispersion can be modified significantly by a substrate [62],
and the modification of phonon dispersion depends on the absorption
process of the materials, i.e. physisorption or chemisorption.
Significant softening was reported for the in plane optical modes (LO
and LA) by ~100 cm ™ around T and for the out-of-plane optical (ZO)
branch by ~160 cm™ due to interaction of Ni (111) with graphene
[62]. This softening of in-plane optical modes (LO and LA) was
explained by the Ni (111) substrate induced lattice expansion of 1.48%
[62]. The effect of hybridization of & bands of graphene with d bands
of Ni plays an important role in removing Kohn anomalies in the
highest optical branch at I" and K point [62].

Moreover, another interesting report [63] shows that a borophene sheet
with higher hole density (20%) binds more strongly with Ag (111)
substrate, which indicates the stability of defected monolayer on metal
substrate. Similarly, another group [64] reported that formation
energies of boron monolayers on Cu (111) surface are reduced by
about 0.2 eV per atom, indicating that the Cu substrate can stabilize
boron sheets. Therefore, we deduce that our system can also be stable
on proper substrate.

Throughout these calculations, we have considered harmonic
approximation for calculation of lattice dynamics. In harmonic

approximations, vibrations in the crystal are not dependent of the
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interatomic distance, which implies that the vibrational energy does not
depend on the volume. However, in practical condition, the
equilibrium lattice parameter is dependent of temperature. When the
temperature increases, the thermally induced displacements become
large, and therefore expanding the Hamiltonian function only to a
second order cannot be appropriate anymore. Since temperature effect
is not included in the harmonic approximation, effect of variation of
lattice parameters due to anharmonic effects cannot be included in this
calculation. Anharmonic effects have been previously included by
SCAILD method [65-67]. At room temperature (300 K), the imaginary
modes (~100.068 cm™) in B-Ni-Ti were observed to completely
vanish [66]. Since our calculations are performed at 0 K, we believe
that our system Mgp.s990.11Cl> may be stable at a higher temperature.
Recently, many halide based main group systems have been
experimentally synthesized, although their imaginary mode is
significantly larger than or comparable to that observed in our
M0o.8990.11Cl> system. For example, the synthesized methylammonium
lead triiodide (CH3NH3Pbls) has large-amplitude anharmonic zone
edge rotational instabilities of the Pblg octahedra with imaginary
phonon eigenvector [40 meV (~322.62i cm )] [68]. Formamidinium
lead triiodide (HC(NH.),Pbls) [>100i cm™] [69] and Caesium-based
CsPbBr; [>25i cm™] [69] systems with high imaginary phonon modes
have also been synthesized. Another halide based system CsPbls has
also been synthesized experimentally [70] with high imaginary phonon
modes [>30i cm™] [71]. Therefore, we believe that our system can
also be stable on proper substrate.

Thermal stability of Mgo.g900.11Cl, system (Fig. 2.5¢) is analysed from
AIMD simulations [72] using an NVT ensemble at 300 K with a time
step of 1 fs (femto second) for 20 ps (pico second). Room temperature
AIMD simulation shows no possibility of inter-conversion or structural
distortion from the optimized Mgp.g960.11Cl> system. Thus, it can be
concluded that the Mgo.g900.11Cl> system is thermally stable in room

temperature.
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2.3.5. Magnetic properties of Mgog960.11Cl>

Before getting into magnetic properties of Mg g900.11Cl>, first we have
investigated the origin of magnetism in all the defect induced MgCl,
phases. Moreover, electron distribution and bonding analysis is also
included in this section. To analyze the origin of magnetism, we have
observed the spin density distribution (SDD) and the partial density of
states of the Mg vacancy induced systems. Magnetism is observed to
originate from the p orbitals of Cl atoms (Fig. 2.6), which were bonded
with the Mg atom before the creation of hole. Partial density plot (Fig.
2.6) also reveals that p orbitals of Cl atoms are the origin of half-

metallicity in these systems.

0. N 0
Rogerobselel,  USeEgRTE R
- = o B SO0 0 o
B R A VIR EN( JEN( B o e

SIS PN TS s e OLDASBASHALHDLHD 0 R

Mgy 399911 Cl, Mg, 758.2,Cl, Mgy6790.33C,

< . 50 50 ,
~ ! Mg 2s N N p— Mg 3s
525 L _C13s 25 225 P —Cl3s
P H 2 ] L —C
£ i —Cl13p £ = : Cl3p
30 20 20 :
@ 7] » N

, 2 @
825 225 =25 ,
& C & '

TR S S S S ' 50 :

32 - | 3 2 -1L.0 1 2 3 T3 5 -
E-Ef (eV) EEp V) 3 2 Eli-E,?(e\'l) 2 3

Figure 2.6: Spin density distribution (top/side view) [isosurface value
0.0046 e A®] and partial density of states (PDOS) plot of Mg and ClI
atoms in Mgo.g900.11Cl2, Mgo.7880.22Cl2, and Mgo 6700.33Cl2 systems.
Excitingly, we have observed a pattern similar to Crl; in our
Mgo.6700.33Cl> phase. This periodic system can be made up of a unit cell
containing two Mg and six Cl atoms (Fig. 2.7c) similar to the Crl;
monolayer. Hence, Mg 700.33Cl> system can also be termed as MgCls,
much like Crls.

Electron distribution and bonding analysis of Mgpg9d0.11Cl, and
MQo670033Cl2  (MgCls) can be found from the ELF (Electron
localization function), which shows that the electrons are centered

towards Cl atoms (Fig. 2.7).
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Figure 2.7: (a) Optimized structure of Mgog9d0.11Cl, with Cl atoms
denoted by blue (up) and green (down) circles. (b) Electron
localization function of Mgg.g960.1:Cl2 (ELF; maximum saturation level
= 0.72 e A, minimum saturation level = 0.0 A™3). (c) Optimized
structure of Mgoe70033Cl2 (MgCl3) with unit cell in the black dotted
line, and (d) corresponding electron localization function (ELF;
maximum saturation level = 0.1 e A™3, minimum saturation level = 0.0
A%

Fig. 2.7b indicates the Cl atoms on the top surface (blue atoms in Fig.
2.7a) since we have taken ELF plot from the 001 plane. The contour of
electron localization function (ELF) plot for both the Mgo.8960.11Cl» and
MQo.6700.33Cl2  (MgCl3) systems shows that there is strong ionic
bonding between Mg-Cl, similar to that in MgCl, [19]. To
comprehend whether the oxidation state of Mg in Mgpe70033Cl2
(MgCls) has been altered, we have investigated Mg—Cl bond distance
and Bader charge analysis. The bond distance between Mg and CI
atoms has become shorter (~2.49 A) in Mgo78023Cl, (MgCls) and
thus, orbital overlapping between Mg and ClI atoms has increased,
compared to MgCl, (~2.52 A) monolayer. Bader charge analysis
(Table 2.3) shows that in both cases, Mg holds +1.6 charge that
indicates a +2 oxidation state in both molecules. Bader charge analysis

of Mgo.8960.11Cl2 unveils that Cl atoms surrounding the hole hold —0.58
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charge (Table 2.3), similar to that of CI (—0.55) in Mg e700.33Cl>
(MgCls3). Moreover, the other Cl atoms hold —0.82 charge, similar like
those of ClI (—0.83) in MgCl,. The bond distance between Mg—Cl
surrounding the hole has become shorter (2.47 A), which is consistent
with the Mg—Cl bond distance (2.49 A) in Mgog7803:Cl> (MgCl).
Bond distance of other Mg—Cl (2.51 A) are found in similar range
(2.52 A) as in case of pure MgCl,. Thus, all the magnetic systems
under study are a combination of MgCl, and Mgp670033Cl> (MgCls)
phases.

Table 2.3: Bond distance and Bader charge analysis of pure MgCl,,
Mgo.6700.33Cl2 (MgCl3) and Mgo 8ed0.11Cl2

System Bond- Net
distance effective
(A) charge
Mg-Cl ~ | Mg~ +1.66,
MgCl, 252 A Cl~-0.83
Mg-Cl ~ | Mg ~ +1.65
MQgo.6700.33Cl> 2.49 A ,Cl~-0.55
(MgCls)
Mg-Cl ~ | Mg~ +1.66
M3o0.8900.11Cl2 247 A Cl~-0.58
(Cls, Clg, | (Cls, Cls,
Clg, C|13, Clg, CI]_3,
Cly, Cly7) | Clyg, Cly7)
Mg-Cl ~ | Other
251 A Cl~-0.82

We find that half-metallicity occurs due to the presence of unsaturated
Cl atoms, which in turn arises due to the creation of Mg vacancy in
MgCl, monolayer. Fig. 2.8 shows the PDOS plot of Mg-defected
MgCl, monolayer structures, where the Cl p-orbitals appear at the

Fermi energy. This further indicates that they are destabilized due to an
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Mg-vacancy. Besides, the magnetic moment of the system comes from
Cl-atoms, which further supports that they are unsaturated. The
creation of Mg vacancy introduces a large spin-up gap in these systems
as the pure MgCl, monolayer has an insulating band gap of 6.01 eV.

- -]

_50 ; 50
Z PO —ass |z —C13s
-g 25 ; — Sp), 7 25 e 3py ‘é 4 1 —Clpy
2 o L 1 L —C3pg| 2 —Cl3p,
g f —Cl3py ‘8‘ = Clapy| 2 | Clip,
-251 ' 25 = 41
& @ |E7 m |£ ©
50 i -50 ' -8 . :
-1.0 -05 0.0 05 1.0 "-1.0 -0.5 0.0 0.5 10 -L0 05 0.0 05 1.0
E-Eg (eV) E-E; (eV) E-Eg (eV)
Mg 49811 ClL, Mg 6700.33Cl, MgCl,
(MgCly)

Figure 2.8: PDOS plot of Cl in (a) Mgo.g960.11Cl> (b) Mgo.760.33Cl2
(MgCls) and (c) MgCl, systems. The Fermi level is set to zero and
indicated by the blue dashed line.

The effect of magnetic coupling between the magnetic centers is very
crucial for their overall effect on the magnetic properties of the system.
Magnetism in Mg vacancy induced systems originates from the p
orbitals of Cl atoms, and is not localized on any particular single atom.
This distributed spin density combined with the strong overlap
between p orbitals may result in faster spin-down electronic hopping,
which is very interesting among the non-magnetic materials based
spintronic devices. Spin density distribution over the whole sheet was
observed earlier in a 2D intrinsic magnet [6]. Perfectly symmetric spin
density distribution was observed in MgCls, which has a similar
structure to that in Crl;. However, MgCl; has an antiferromagnetic
ground state. Thus, we have mainly focused on the lower defect
concentration based Mg g90.11Cl> system.

To find the magnetic ground state of the half-metallic Mg g900.11Cl>
system, we have first considered each Cl as a magnetic center and
checked the ground state magnetic configuration between FM and
AFM (Fig. 2.9a and b). We have found that the FM configuration is
energetically more favourable with exchange energy of 71.28 meV.
Consequently, we have considered the six Cl atoms as a single

magnetic center contributing a magnetic moment of 2.00uB.
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Considering the spin density distribution (Fig. 2.9), it can be predicted
that ferromagnetism is established in our Mgog900.11Cl2 System due to
the interaction among partially filled p orbitals of Cl atoms. The effect
of magnetic coupling between the two neighbouring vacancy is crucial
for their overall effect on the magnetic properties of the system. Hence,
we have further considered 2 x 2 x 1 supercell of single Mg vacancy
induced system (Mgo.s900.11Cl>), where six Cl atoms are considered as a
single magnetic center, to investigate the magnetic ground state
between FM, AFM-I and AFM-11 magnetic configurations (Fig. 2.9¢c—
e). We have found that FM configuration is more stable by 25.96 meV
and 23.30 meV exchange energies than AFM-1 and AFM-II
configurations, respectively. The TDOS plots of these AFM indicate

that these systems are semiconducting.
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Figure 2.9: (a)-(b) Optimized FM and AFM configurations of
M0o.8900.11Cl2, where each Cl atom is considered as a magnetic center,
(c)—(e) optimized FM, AFM-I and AFM-II configurations and
corresponding TDOS plots of Mg g9d0.11Cl2, where six Cl atom is
considered as a magnetic center, (f) variation of magnetic moment
(uB) of Mgpg90011Cl, as a function of temperature, and (g) mean
susceptibility of Mgo g9011Cl, as a function of temperature.

Curie temperature (T¢) of a material determines the possibility of its
application in spintronic device. Hence, we have adopted the mean
field theory (MFT) for estimating the Curie temperatures (T¢) of

M0o.8900.11Cl> systems. Curie temperature of Mgoge0011Cl2 System is
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found to be 270.42 K from our MFT calculations [73-75]. It is well-
known that Curie temperature predicted by MFT is overestimated and
Monte Carlo (MC) simulation gives more reliable result [75, 76].
Thus, we have also calculated the Curie temperature (Tc) of
MUo.8990.11Cl> using Monte Carlo (MC) simulation [77] based on the
Heisenberg Model of H = — %, ;J; ;S;S; , where, J;; is the nearest-
neighbor exchange parameter and S; and S; represent the total
magnetic moments per unit formula. A supercell of 40 x 40 x 1 with
periodic boundary condition is constructed for the MC simulation of
MQo.8900.11Clo. We have plotted the magnetic moment (uB) vs.
temperature (K) (Fig. 2.9f) and magnetic susceptibility vs. temperature
(K) (Fig. 2.99) for Mgog9d011Cl,. These two plots indicate the
transition temperature, where a system undergoes transition from the
ferromagnetic to the paramagnetic phase. Therefore, the Curie
temperature of our system is found to be 250 K. Although the Curie
temperature of our system is below room temperature (300 K), it is
higher than those of earlier reported CrBr; (32.5 K) and Crl; (45 K)
systems [6, 7]. Therefore, our system (Mgo.s900.11Cl>) can be suitable
for low temperature spintronic devices.

Furthermore, we have calculated magnetic anisotropy energy (MAE)
using non-collinear magnetic calculation with spin—orbit coupling
(SOC) for half-metallic Mo g990.11Cl> monolayer. Magnetic anisotropic
energy (MAE) is a significant parameter of magnetic materials for
determining magnetic orientation at low temperature with respect to
the lattice structure, which is directly related to the thermal stability of
magnetic data storage [78]. It designates the energy required to flip a
spin between the two states and thus, relates to the blocking
temperature below which magnetic anisotropy can inhibit spin
fluctuation. The magnetic easy axis (EA) of Mg g9d0.11Cl> is found in
the (100) direction. We have found high MAE (452.84 peV per
vacancy) for Mgoged0.11Cl,. These data are tabulated in Table 2.4.
Mo.8900.11Cl> possesses a comparatively larger MAE values than the
previously reported CrF; (119.0 peV per Cr atom) [8], CrCl; (31.5
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ueV per Cr atom) [8], CrBrs (185.0 peV per Cr atom) [8] and a
slightly smaller value than Crl3 (685.5 ueV per Cr atom) [8].
Table 2.4: Summary of magnetic anisotropy energies in peV/vacancy

and the easy axis for Mg ggd0.11Cl2

Mgo.8900.11Cl> | Easy (001)- (010)- (110)- (111)-
Axis (100) (100) (100) (100)
(100)
0 452.84 17.59 21.01 160.48
peV peV peV peV

The large MAE value indicates that our material (Mgos900.11Cl5) is
good for spintronics and magnetoelectronics applications.

2.3.6. Effect of strain on magnetism and half-metallicity of
MQo.8960.11Cl>

Strain is significant in tuning the geometrical properties, and thus
magnetic properties, of the magnetic materials. During synthesis, 2D
material undergoes structural strain that changes its lattice parameter
since it is fabricated over a substrate. Lattice parameter plays a crucial
role in determining the fundamental gap in a material. Therefore, it is
necessary to consider the effect of strain on the half-metallicity of
magnetic materials as it impacts their practical application. We have
investigated the effect of strain on magnetism and half-metallicity in
M0o.8900.11Cl> system, applying both biaxial and uniaxial tensile and
compressive strain ranging from 1% to 4%, to examine the modulation
of spin-up gap and half-metallic gap in the Mgpg9d01:Cl, System.
Interestingly, all strained systems sustain robust halfmetallic character.
We have found that the spin-up gap and half-metallic gap in our half-
metallic Mgo.g90011Cl, system can be modulated via external strain,
which is tabulated in Table 2.5 and 2.6. Table 2.5 and 2.6 show that the
spin-up gap decreases for all cases except in the case of biaxial
compressive, where the spin-up gap increases as we increase strain.
The highest spin-up gap (6.208 eV) is observed under 4% compressive

strain. Therefore, the width of spin-up gap can be modulated by strain
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Table 2.5: Modulation of Spin-Up Gap (eV) and Half-Metallic Gap
(eV) in Mgo.g900.11Cl> system with % of applied Strain along Biaxial-

tensile and Biaxial-compressive direction

% of applied Biaxial-tensile Biaxial-compressive
Strain

Spin-Up Half- Spin-Up Half-
Gap Metallic Gap Metallic
(eV) Gap (eV) (eV) Gap (eV)

1% 6.085 0.255 6.165 0.188
2% 6.023 0.283 6.186 0.176
3% 5.956 0.302 6.206 0.167
4% 5.836 0.272 6.208 0.155

Table 2.6: Modulation of Spin-Up Gap (eV) and Half-Metallic Gap
(eV) in Mg 8900.11Cl, system with % of applied Strain along Uniaxial-

tensile and Uniaxial-compressive direction

% of applied Uniaxial-tensile Uniaxial-compressive
Strain

Spin-Up Half- Spin-Up Half-
Gap Metallic Gap Metallic
(eV) Gap (eV) (eV) Gap (eV)

1% 6.096 0.233 6.133 0.217
2% 6.043 0.227 6.131 0.173
3% 5.995 0.220 6.118 0.150
4% 5.940 0.220 6.103 0.127

and the details of corresponding TDOS are shown in Fig. 2.10-2.13.

Half-metallic gap is determined as the minimum between the lowest
energy of majority spin conduction bands and the absolute value of the
highest energy of the majority spin valence bands [47, 49, 79-80]. We
have also observed a variation in half-metallic gap with external strain,
which is included in the Table 1.5 and 1.6. Maximum half-metallic gap
(0.302 eV) is perceived at 3% biaxial-tensile strain. The details of
TDOS showing the half-metallic gaps are included in the inset figures
(Fig. 2.10-2.13). In our system, the large spin-up gap is the more
interesting result than half-metallic gap. Recently, transitional metal
based 2D intrinsic half-metals with unusually large spin-up gap [81]
have already attracted substantial attention since it can suppress spin-

leakage at very small device lengths.
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Figure 2.10: (a)-(d) Spin density distribution and TDOS plot of
Mgo.8960.11Cl> under the application of biaxial tensile strain from 1% to
4% along with magnified spin-polarised TDOS around the Fermi
showing half-metallic gap [A, in the inset figure].

Therefore, we have mainly focused on the unusually large spin-up gap
in our Mgp.g980.11Cl> system and plotted variation of the spin-up gap
with the application of strain (Fig. 2.14a). Furthermore, we have also
observed the existence of the half-metallic Dirac cone in Mgg g980.11Cl>
system, even under the application of 1% to 2% biaxial tensile strain

(inset figure, Fig. 2.10) and under application of 1% to 2% uniaxial
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tensile strain (inset figure, Fig. 2.11). Thus, our system sustains its

interesting magnetic properties under external strain.
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Figure 2.11: (a)-(d) Spin density distribution and TDOS plot of
Mdo.8990.11Cl> under the application of uniaxial tensile strain from 1%

to 4% along with magnified spin-polarised TDOS around the Fermi

showing half-metallic gap [A, in the inset figure].
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2.3.7. Effect of external electric field on magnetism and half-
metallicity of Mgo.g960.11Cl>

Modulation of the fundamental band gap by applying transverse
electric field in bilayer structures has drawn interest of researchers
since it can be an effective approach for their potential application in
spintronics devices [82-85]. This electric field is equivalent to the gate
voltage applied in field-effect transistors during their practical
applications. Band gap engineering in layered monolayer materials via
application of transverse electric field was also reported earlier [86-
87]. Therefore, we have investigated the influence of transverse
electric field (0.0-1.0 V A™) on magnetic and half-metallic properties
of Mgo.s900.11Cl, monolayer for its potential application in spintronic
device. We observe that Mgpsed0.11Cl, monolayer sustains its half-
metallicity under the application of external electric field. The
evolution of density of states with different applied electric fields (0.2,
0.4, 0.6, 0.8 and 1.0 V A™) is shown in Fig. 2.15. We have observed a
transition of spin-up gap in half-metallic Mgos98011Cl, monolayer
from 6.135 eV to 6.05 eV with the corresponding applied electric field
of 0.0 V A™ to 0.1 V A", However, on increasing the value of
transverse electric field further up to 1.0 V A™, the spin-up gap
remains constant at a value 6.05 eV. The evolution of spin-up gap with
increasing electric field strength is plotted in Fig. 2.14b. To understand

the phenomenon, we have further explored the spin polarized band
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structure of Mgo.ged0.1:Cl> under an electric field of 0.1 V A™, 0.2 v
A and0.3VA™
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Figure 2.15: (a)-(e) Spin density distribution and TDOS plot of
Mgo.8960.11Cl> under the application of transverse electric field ranging
from 0.0 to 1.0 VA™,

We have found that the spin-up gap decreases very slightly from 6.135
eV to 6.05 eV (Fig. 2.16) after the application of an external electric
field and this value is constant with an increasing value of electric field
from 0.1 to 0.3 V A™. To further comprehend the phenomenon, we
have analyzed the spin density distribution (Fig. 2.16) and Bader
charge of Mgo.900.1:1Cl2 under the application of an electric field from
0.1t0 0.3 V A%, We have not found any significant change in the spin
density distribution. Moreover, the Bader charge analysis also concurs
with this phenomenon. Therefore, the net effective charge on Mg and
Cl atoms surrounding to the vacancy does not changes, which is also

consistent with our spin density distribution results (Table 2.7).
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Table 2.7: Bader charge analysis of Mggg9d0.11Cl, system with and

without application of electric field

MQo.8960.11Cl> Electric | Electric | Electric | Electric
Field 0.0 | Field 0.1 | Field 0.2 | Field 0.3
V/IA V/IA VIA V/IA
Net effective charge Mg ~ Mg ~ Mg ~ Mg ~
¥ +1.66 +1.66 +1.66 +1.66
Cl~- Cl~- Cl ~- Cl~-
0.58 0.58 0.58 0.58
(Cls, Clg, | (ClIs, Clg, | (Cls, Clg, | (Cls, Clsg,
Clg, C|13, Clg, C|13, Clg, C|13, Clg, C|13,
Clyg, Clyg, Clyg, Clyg,
Cliy) Cli7) Cli7) Clyy)
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Figure 2.16: (Spin density distribution, spin-polarized density of states
and bandstructure with the application of (a) 0.1 VA™ (b) 0.2 VA?

and (c) 0.3 VA transverse electric field.
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Since our Mgo 8900.11Cl, monolayer system has a large spin-up gap, the
bottom of the conduction band minima will not be considerably
affected by the applied electric field (0.1-0.3 V A™) because they are
high energy. The possibility of electronic transition from the lower
energy level to the higher band is very less, as there are no states up to
6 eV. They may require very high energy to cross the barrier.
However, the spin-down band at the Fermi energy can be stabilized in
the presence of electric field. Consequently, the Dirac cone shifts
further down as soon as we apply an electric field of 0.1 V A™.
Therefore, we believe that 0.1 V A™ is the threshold electric field for

our system, beyond which the spin-up gap values became constant.
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Figure 2.17: Optimized structure and spin-polarized density of states

of Mgo_9680,04C|2 and M90,9250,08C|2 systems.

Further investigations revealed that the MgCl, based systems with
lower defect concentrations (Mgo.9600.04Cl2 and Mgo.9200.0sCl2) exhibit
weak half-metallic nature due to the presence of very small gap in the

spin-down channel (Figure 2.17).

2.4. Conclusion
In conclusion, using first-principles DFT calculations, we propose a
series of robust half-metallic magnesium chloride monolayer based

systems with high spin-up gap. Due to the strong spin density overlap
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between p orbitals, spin-down electronic hopping in our system can be
faster, which may be promising for faster spin-transport based devices.
Our exploration reveals that the magnesium chloride based magnetic

monolayers (including Mgog90011Cl2) are a mixture of MgCl, and
MgCl;  (Mgoe70033Cl2) phases. Interestingly, this half-metallic
character originates from the MgCls phase. The MgCl; phase has a
similar pattern as Crls, which has drawn remarkable attention
worldwide as a first intrinsic 2D magnet. Amongst the remaining
phases, Mgo.g900.11Cl> shows ferromagnetic ground state with a Curie
temperature of 250 K, which is crucial for its application in spintronic
device. We find that the total magnetism (2.00uB per vacancy) in
M0o.8900.11Cl>, comes from six Cl atoms rather than a single Cl atom.
Interestingly, Mgo.g900.11Cl, possesses a half-metallic Dirac cone with
linear energy dispersion and massless electrons, which is highly
desirable and fascinating for its potential application in ultrafast
spintronic device. Our calculated formation energy indicates the
experimental synthesis possibility of MgCl, based magnetic monolayer
MUo.8990.11Cl> under a Cl-rich environment. Lastly, the high magnetic
anisotropy energy (MAE) in Mgo.5900.11Cl, (452.84 peV) encourages
the implementation of MgCl, in main group based spintronic devices.

Note: This is copyrighted material from Royal Society of Chemistry,
Nanoscale, 2018, 10, 22280-22292 (DOI: 10.1039/c8nr07429a).
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3.1. Introduction

Ever since the successful isolation of graphene [1] and the discovery
of its outstanding electronic properties [2], tremendous research efforts
have been initiated for exploration of new two dimensional (2D)
materials with novel electronic and magnetic properties. In this regard,
transition metal di-chalcogenides (TMDs) have attracted significant
attention due to their interesting properties such as nonzero band gap,
superconductivity, and robust ferromagnetism [3-8]. Similar to TMD
monolayers, another class of monolayer, transition metal di-halide
(MX,, M = transition metal, X = CI, Br, I) based systems, have also
attracted much attention from researchers due to their layered
structures and interesting magnetic properties [9]. Similar to metal di-
halides, layered transition metal tri-halides (MX3) have also drawn
significant attention for showing ferromagnetism and half-metallic
characteristics [10-12]. Recently, a single crystal of Crlz has drawn
tremendous attention worldwide after successful experimental
demonstration of intrinsic magnetic order down to its monolayer limit
[13]. Layered chromium triiodide [13-15] is considered as a potential
candidate for 2D magnets and was established as the thinnest intrinsic
ferromagnet with a Curie temperature (Tc) of 45 K. These findings
open up high potential for 2D halides from fundamental as well as
applied perspectives.

Inspired by the recent reports on the 2D layered thin magnet Crl; [13]
and other transition metal halide based systems [9-12], we have found
that alkaline earth based halides have not been much explored.
Moreover, most of these magnetic transition metal (TM) halide
materials possess very low Curie temperature, which limits their
application at room temperature. Therefore, we focused on alkaline
earth based halides for exploring magnetism. In addition to that,
exploring magnetism in these main group based materials would be
very interesting as such main group based materials do not show any
intrinsic magnetism. Furthermore, due to strong d—d interactions, metal
dopants in main group based materials tend to form clusters resulting
in nonhomogeneous magnetization [9]. Consequently, researchers
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have favoured main group based systems [16-19] over TM based
systems due to their longer spin relaxation time, which is an important
criterion for spintronics application [20-22].

Inspired by this, we have found that the alkaline earth based material
calcium iodide (Cal,) possesses a layered structure with (AA) stacking
pattern similar to that in Cdl, [23-24]. Since experimental realization
of monolayers via exfoliation is a very common technique for layered
materials, we are more interested in alkaline earth halides having stable
layered structures in their bulk. It has been reported that layered
calcium iodide (Cal,) crystals have a hexagonal layered structure with
pronounced cleavage, which indicates that monolayer Cal, can be
cleaved easily [25]. The plasticity and the low hardness of Cal,
indicate the possibility of fabrication of very thin wafers (up to 0.05
mm) by splitting off and cutting into desired shape from a crystal [25].
Thin film of Cal, (with thickness >1 nm) has been fabricated and
widely used as a long-wavelength X-ray scintillation detector [25].
Recently, Cal, has been established as an effective passivator of
perovskite films for high efficiency and long-term stability of
perovskite solar cells [26]. Inspired by these previous studies, we have
investigated whether Calz monolayer (ML) can be realized (similar to
Crly) for possible spintronics application.

Inducing magnetism in a nonmagnetic material via low concentration
specific point defects is an interesting path to realize new magnetic
materials. To the best of our knowledge, magnetism in a Ca-based
monolayer system has not been reported to date. Although Ca vacancy
induced magnetism has been reported (theoretically as well as
experimentally) in bulk CaO [27, 28] and CaBs (theoretically) [29],
none of these previously reported studies (CaO or CaBg) investigates
magnetic anisotropy energy (MAE), strain sustainability of the
magnetic ground state, and Curie temperature, which are essential for
evaluating the robustness of half-metallic character and
implementation of any magnetic material in spintronic devices and its
practical application. Therefore, we are interested to know whether
creating a single defect or patterned Ca defects in a Cal, monolayer
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can create new transition metal free half-metallic magnetic
monolayers, which can be useful for spintronics application.
Furthermore, patterned Ca vacancies in a Cal, monolayer can form a
Cals based magnetic monolayer system as reported for Crlz [13].
Hence, motivated by defect induced magnetism and half-metallicity,
we have presented a methodical study of acquiring magnetism and
half-metallicity in Cal, monolayers by creating Ca vacancies.
Furthermore, the energetic, thermal, and dynamic stabilities are
confirmed from total energy, ab initio molecular dynamics simulation,
and phonon dispersion calculations, respectively. Electronic properties
of the Ca vacancy induced systems have been analyzed from spin-
polarized density of states and band structure calculations. Magnetic
coupling (ferromagnetism or antiferromagnetism) is calculated from
exchange energy. Most of the materials have undergone stress while
growing on substrates during device fabrication. Hence, we have
inspected the effect of strain on their magnetic properties.
Additionally, we have calculated magnetic anisotropy energy and
Curie temperature for them, which are very important parameters for
their practical use in spintronics devices at room temperature.

3.2. Computational Methods

Spin-polarized density functional theory (DFT) calculations have been
carried out for all the structures using the Vienna Ab initio Simulation
Package (VASP) [30]. Generalized gradient approximation (GGA)
with Perdew—Burke—Ernzerhof (PBE) functional was adopted for all
our calculations [31, 32] for describing correctly the electron—electron
exchange and correlation energies of delocalized s and p electrons.
Projected augmented wave (PAW) pseudopotential [33] was employed
for treating core electrons. A plane wave energy cut-off of 320 eV was
used to treat interactions between ion cores and valence electrons. We
have used a 3 x 3 x 1 hexagonal supercell containing 27 atoms for
modelling pure and defect induced Cal, monolayers. The first Brillouin
zone of pure and vacancy induced Cal, monolayers was sampled using
a7x7x1and 15 x 15 x 1 k-point grid centered at the gamma (I")
point for geometry optimization and spin-polarized density of states
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calculations, respectively. We have also implemented van der Waals
corrected density functional theory (DFT-D3) proposed by Grimme to
overcome the deficiencies of DFT in treating dispersion interactions
and correcting potential energy and interatomic forces [34] since van
der Waals interactions play a very crucial role for the layered systems.
A large vacuum spacing of 20 A is employed along the z-direction to
avoid interactions between the periodic images. The convergence
tolerance for energy was set as 10 ° eV between two consecutive
electronics cycles in a self-consistent run, and the atomic positions are
relaxed until Hellmann—Feynman forces acting on each atom were
smaller than 0.005 eV-A™' upon ionic relaxation. Bader charge
analysis [35-37] was done using the Henkelman program [38] with a
near-grid algorithm refine-edge method to comprehend the charge
transfer process.

Defects formation energies (Ep) under two different environmental
conditions (Ca-rich environment and I-rich environment) are
calculated to evaluate the stability of various phases of Cal, systems.
Defect formation energy under Ca-rich environment can be calculated
from the following equation [39, 40]

Ep@ca-rich = Edef-pnase = (Ecarz — N X Wca—max) (3.1)
The total energy of the Ca vacancy induced phases of Cal, monolayer
is denoted by Eg.r_pnase: and total energy of pure Cal, is denoted by
Ecq2- The chemical potential of Ca under Ca-rich environment is
Uca—max @nd N is the number vacancy created in the Cal, supercell.
Under Ca-rich environment, Weq—max = Ecaguik), Where Ecq(puik) 1S
the single atom energy of Ca atom from its respective bulk structure
[41]. Defect formation energy under I-rich environment can be
calculated from the following equation [39, 40]

Ep@i-rich = Eaef-phase = (Ecaiz — N X Hca—min) (3.2)
Where ucq—min (chemical potential of Ca under I-rich environment)

can be calculated as

Uca—min = (ECaIZ—unit —2X IJ-I—max) (3-3)
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Here, Ecara—unic 1S the total energy of the Cal, unit cell containing one
Ca and two | atoms and p;_,,q4 1S the chemical potential of I, which is
energy of single | atom from gaseous phase. Furthermore, we have
calculated the exchange energy [18] (E.,) per unit cell and magnetic
anisotropic energy [18] for predicting magnetic ground state of defect
induced Cal, monolayer. The exchange energy per supercell (E,,) is
calculated using the following equation where Eg, and E4gy, denotes
the energies of ferromagnetic and antiferromagnetic states.

Eex = Earm — Erm (3.4)
Likewise, magnetic anisotropic energy [42] (MAE) per unit cell is
calculated including spin-orbit coupling (SOC) effect using the
equation described below where Ep, is the energy of the system along
easy axis when an external magnetic field is applied and Ey, is the
energy of the system along hard axis under application of magnetic
field. We have considered our calculation along magnetizing direction
(100), (010), (110), (111) and (001).

MAE = Ey, — Eg, (3.5)
Additionally, to comprehend the nature of electron spin density on the
unpaired electron after creation of Ca vacancy in Cal, monolayer, the
spin density distribution (SDD) is plotted. The SDD is calculated using
the following equation

Psp = Pup — Pdown (3.6)
Here, the up and down electron spin density are denoted as p,, and
Paown, Fespectively. In the SDD, the up spin density of wave functions
for different lobes are indicated by yellow colours and the down spin
density of wave functions for different lobes are indicated by blue
colours. The direct mapping of the electron spin density is measured by
the neutron diffraction in electron spin resonance (ESR) spectroscopy
[18].

3.3. Results and Discussion:

3.3.1 Cleavage Energy of Monolayer Cal, from Bulk

Owing to the existence of large van der Waals gap in bulk Cal, (Fig.

3.1), the interlayer interaction is weak, which provides a possibility to

113



obtain Cal, monolayers by the exfoliation method. Therefore, to
scrutinize the feasibility of exfoliation of 2D Cal,, cleavage energy or
exfoliation energy is calculated. Bulk calcium iodide (Cal;) has a Cdl,-
type layered structure with space group P3m1 [23, 24]. Our calculated

optimized lattice parameters of bulk Cal, are a=b = 4.49 A and ¢ =

7.00 A (Fig. 3.1), and these values match earlier experimental reports
(a=Db=4.49 A and ¢ = 6.975 A) [43, 44]. Surprisingly, we have not
found any experimental papers where they have reported the band gap
of Cal,.
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Figure 3.1: (a) Crystal structure of bulk Cal, (top and side views; dg
denotes the interlayer spacing), (b) unit cell geometry of bulk Cal, with
induced fracture (d is the distance between two fractured parts) to
simulate the exfoliation procedure, (c) spin-polarized density of states
of bulk Cal,, where the Fermi level is set to zero and indicated by the
blue dashed line, and (d) cleavage energy, Eq (3/m?), as a function of
the separation between two fractured parts.

Our calculated band gap (3.496 eV) of bulk Cal, (Fig. 3.1) also
matches the previously calculated values (3.46 eV, 3.53 eV) [45, 46].
We have also used HSEO06 and PBE+U (with U =1,2,3,4,5and J =
0) for the bulk Cal, system, and we have found that the calculated band
gap values (Table 3.1, Fig. 3.2) are higher than the previously reported
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theoretical values. Therefore, we believe that the PBE functional is
good enough for calculating the properties of Cal, based systems.
Table 3.1: Variation of band gap calculated using HSE06 and PBE+U
(U=0, 1, 2, 3, 4, 5) calculations

System | HSE | PBE+ | PBE+ | PBE+ | PBE+ | PBE+ | PBE+
Cal; 06 U U U U U U
(U=0) | (U=1) | (U=2) | (U=3) | (U=4) | (U=5)

Band 4.5 3.50 3.86 3.84 3.82 3.82 3.83
Gap eV eV eV eV eV eV eV
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Figure 3.2: Total density of states (TDOS) plot of Cal, system using
(a)-(f) PBE+U (U=0, 1, 2, 3, 4, 5) and (g) HSEO06 calculations.

In order to simulate the exfoliation process, a fracture has been
implemented in the bulk Cal, structure, and the distance between the
two fractured parts has been increased gradually. The variation of total
energy was measured thoroughly for all the possible structures with
increased distance between the two fractured parts. The parameters do
and d (Fig. 3.1a-b) denote the interlayer spacing between the two
consecutive layers in Cal, bulk structure and distance between the two
fractured parts. This method is a very well-known and effective way to
calculate exfoliation or cleavage energy [46-48]. We have also
included van der Waals (vdW) correction terms in our calculations
[34]. The calculated cleavage energy (Fig. 3.1) for calcium iodide
(Cal,) monolayer is 0.15 J/m?, which falls in a similar range to those of
the previously reported halide materials CrCls (0.10 J/m?), CrBr; (0.14
Jim?), and CrI® (0.16 J/m?) [48]. The calculated cleavage energy of
Cal, is even smaller than that of graphite (0.36 J/m?) [48], which
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indicate that the Cal, monolayer can be cleaved from the layered bulk
phases.

3.3.2 Introduction of Magnetism in Cal, Monolayer

Our spin-polarized density of states calculations show that bulk Cal, is
nonmagnetic. Magnetism in Cal, based systems has never been
reported earlier. Thus, we are interested in exploring magnetism in
Cal; based systems. In this work, we have focused on defect induced
magnetism in a Cal, monolayer. Therefore, we have systematically
studied the Ca defects in a Cal, monolayer. Interestingly, we have
found that creating a particular type of defect pattern in metal di-
halides creates a metal tri-halide like structure. Therefore, this would
be interesting if such alkali metal based tri-halide shows interesting
magnetic properties as found in the case of transition metal based tri-
halide (Crl3). For this, a three atom hexagonal unit cell (Fig. 3.3) of
Cal, monolayer (ML) has been considered for our study.

"2200
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TDOS (States/eV)

Freq

Figure 3.3: (a) Optimized structure (top and side views; the red dashed
box indicates the unit cell of the Cal, system), (b) total electron density
(isosurface value, 0.07 e A™®), (c) electron localization function
(maximum saturation level 0.4 e A™% minimum saturation level 0.0
A7), (d) spin polarized total density of states (TDOS), (e) band
structure, and (f) phonon dispersion plot of the Cal, monolayer. The
Fermi level is shifted to zero and indicated by a navy blue dashed line.

Optimized lattice parameters of Cal, monolayer are calculated as a = b
= 4.484 A. The calculated Ca—I bond distance is found as 3.14 A. We
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have observed that the lattice parameters of monolayer are slightly
lower than the bulk one. The total electron density distribution of the
Cal, monolayer shows (Fig. 3.3b) that the electrons are mainly
localized around | atoms, while partial localization of electron density
has been observed around Ca atoms too. Further, it can be visualized
from the electron localization function (ELF plot, Fig. 3.3c) of the Cal,
monolayer that the electron cloud is not completely centered on |
atoms; rather it has some contribution on the Ca atoms also. The Bader
charge analysis shows that there is a significant amount of charge
transfer from Ca to I (Ca =~ +1.47e| and 1 = —0.74Je[). All these data
indicate a strong ionic character between Ca and | atoms in Cal,. We
have found from our spin-polarized density of states (Fig. 3.3d) and
band structure (Fig. 3.3e) that Cal, ML has an indirect band gap of
3.85 eV, which matches the previous theoretical reports of 3.91 eV
[49]. The phonon dispersion plot of the Cal, monolayer (Fig. 3.3f)
shows very few imaginary frequencies (0.16i cm™, 0.36i cm™, and
0.51i cm ™), which is due to pure translational motion of the ML; thus,
it can be said that Cal, is dynamically stable.

We have considered a 3 x 3 x 1 supercell of the Cal, monolayer (9 Ca
and 18 I atoms) to model Ca-defect structures Cag ggdo.11l2, Cap 78602212,
and Cap¢70033l2 (Cal3) structures by removing one, two, and three Ca
atoms, respectively (Fig. 3.4). Here “3” refers to the Ca vacancy in the
Cal, monolayer. Optimized lattice parameters of the pure (Cal,) and
Ca-defect structures Cagggdoiils, Caorsdozzl, and Cager00.33l2
structures are a = b = 13.46, 13.30, 12.94, and 12.41 A, respectively.
Our calculations show that Cagggdpi1l2 IS magnetic with a total
magnetic moment of 2.00uB per Ca vacancy. The distribution of
magnetic moment can be explained from partial magnetic moments
and the charge distributions (from Bader charge analysis). We have
found that iodine atoms (I) surrounding the vacancy (in the Cagggdp.11l2
system) hold an average magnetic moment of 0.193uB per I atom, and
the main contribution of magnetic moments comes from the six |
atoms as shown in Fig. 3.4a (indicated by pink atoms). Since Ca is
bonded with | with their two outermost 4s electrons, removal of a
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single Ca atom creates two holes in the system, which in turn induces a

total magnetic moment of 2.00uB in the Cagggdg 1112 System.
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polarized density of states (inset, magnified spin-polarized TDOS
around the Fermi level) of (a) Caggydo.11lz, (D) Cag 7802212, (C)
Cag6700.33l2 (Cals) systems. The Fermi level is set to zero and indicated
by the blue dashed line.

Bader charge analysis of the Cal, system reveals that the Ca atoms
hold an amount of +1.5|e| charges, which implies that Ca gives its two
outermost 4s electrons to the iodine atoms in the Cal, system.
Therefore, the removal of a Ca atom induces a total magnetic moment
of 2.00uB, which in turn creates a p doped system. Interestingly, an
asymmetric spin density along with half-metallicity has been perceived
from the spin polarized density of states in Cagggdoa1l2 System.
However, the other two systems do not show half-metallic character as
observed (Fig. 3.4) from their electronic structures. This half-metallic
system Cap ggdp 1112 exhibits an insulating spin-up gap of 3.84 eV and a
metallic spin-down channel. Our detailed band structure, TDOS plot,
and PDOS plot (Fig. 3.5) further confirm the robust half-metallic
character of the Cap ggdo.111» System. Orbital resolved band structure has
been plotted in Figure 3.5c, where red circle, green square, and blue
triangle symbols are proportional to the | py, | py and I p, spin-down

orbital contribution. To investigate the origin of magnetism and half-
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metallicity in the Cagggdp11l2 System, we have observed the partial
density of states (Fig. 3.5d, e) of the Cal, and Capggdo.11l> Systems.
Creation of a single Ca vacancy in the Cal, monolayer leads to
destabilization of spin-down orbitals of | atoms, and therefore, spin-
down orbitals of | in the Capgedp11l2, System have crossed the Fermi
level, thus introducing half-metallicity in this system (Fig. 3.5e).
Specially, from the orbital resolved band structure, we can say that the
| px and I py spin-down orbitals are the main contributors toward half-

metallicity.
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Figure 3.5: (a) Spin polarized band structure and density of states of
Capgg00.1112 system, (b) spin polarized band structure covering all the
equivalent high symmetry points of the Brillouin zone and density of
states of Cagggdo11l2 System. (c) Orbital resolved band structure of
Capggd0.111l2 system, where size of the red, green, and blue dots in the
lines are proportional to the I py, | py and I p, orbital contribution (spin-
down), respectively. The cyan line indicates the spin-up character.
Partial density of states (PDOS) of (d) Cal, and (e) Capsggdoail2
systems. The Fermi level is set to zero and indicated by the blue
dashed line.

To further check the Ca-defect concentration dependence of half-
metallicity, we have lowered the defect concentrations to 6.25%
(Cap.9460.0612) and 4% (Cag.g600.04l2) by creating a single Ca vacancy in

4 x4 x1and5 x5 x 1 supercell structures, respectively. We have
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found that both Cag.480.0612 and Cag.9600.04l2 Systems are magnetic with
a total magnetic moment of 2.00uB. It is also observed from the spin
density distribution (Fig. 3.6) that the magnetic moment comes from
the iodine atoms surrounding the Ca vacancy similar to that in
Capggdo11l2. Spin polarized density of states reveals (Fig. 3.6) that
Cag.9400.06l2 1s half-metallic (with an insulating spin-up channel and a
metallic spin-down channel), while Cag 960,041 IS sSemiconducting (Fig.
3.6).
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Figure 3.6: Spin density distribution and spin polarized density of
states of (a) Cag.9400.06l2, and (b) Cag.g600.04l2 Systems. The Fermi level
is set to zero and indicated by the blue dashed line.

The calculated spin-up gap for Cag 9400.06l2 is found to be 3.83 eV. So,
among the five different Ca-defect-based systems (4.00%, 6.25%,
11.11%, 22.22%, 33.33%), it has been found that only 6.25% and
11.11% defect induced structures exhibit half-metallicity. The systems
(Cap 78602212, Caper0osslz) with greater than 11.11% vacancies are
found to be metallic, and the system with less than 6.25% vacancies is
found to be semiconducting in nature. Further analysis of the two
metallic systems (Cag.7800.221> and Cape700.33l2) reveals that these two
systems have total magnetic moments of 2.19uB (per two Ca

vacancies) and 2.64uB (per three Ca vacancies), respectively.
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As the numbers of vacancies are increased, the interaction between the
two or three magnetic centers is increased resulting in a reduction of
total magnetic moment in these Cag 78002212 and Cag g700.3312 Systems.

We have also investigated the underlying reason for disappearance of
half-metallic character in Cag 600042, Cao 78002212, and Cagg700.33l2
monolayers. As the vacancy density is increased (22.22% and 33.33%
corresponding to Cag 7802212 and Cage700.33l2), the destabilization of |
orbitals increases; thus both the spin-up and spin-down orbitals of I are
destabilized crossing the Fermi level (Fig. 3.7), which results in the
introduction of metallicity in those systems. In contrast to that, when
the wvacancy density is very small (4.00% corresponding to
Cap.9600.04l2), the destabilization of I orbitals are minimal, and it retains
the semiconducting nature (Fig. 3.7) of the Cal, system. Finally,
among the two half-metallic systems (6.25% and 11.11%), we have
mainly focused on the Cagggdp11l> (11.11%) system due to its smaller

size and computational cost as well as maximum spin-up gap.
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Figure 3.7: Partial density of states (PDOS) plot of Ca and I atoms of

(a) Caly, (b) semiconducting Cag.g600.04l2, (€) metallic Cap 78602212 and
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(d) metallic Cagg700.33l2 Systems. The Fermi level is set to zero and
indicated by the blue dashed line.

3.3.3 Analysis of Oxidation State of Ca in Cal;

To comprehend the oxidation state of Ca in a magnetic monolayer with
Ca defects, we have performed Bader charge analysis.

Table 3.2: Bader charge analysis and bond distance of pure Cals,,

Cag.8990.1112, Cag.7800.2212 and Cag 6700.33l2.

System Bond- Net
distance | effective
(A) charge
Ca-l ~|Ca ~
Cal, 314 A | +1.47), |
~-0.74|¢|
Cal ~|Ca ~
Caps9do.11l2 3.10A | +1.47)¢,
(pink I~ -
iodines) | 0.53|e|
(pink
Ca-l  ~ | iodines)
314A |1~ -
(violet 0.71e|
iodines) | (violet
iodines)
Ca-l ~|Ca ~
Cap 7860.2212 3.09A | +1.46je,
(pink I~ -
iodines) | 0.53|e|
(pink
Ca-l ~ | iodines)
3.14A |1~ -

(green 0.48|e|
iodines) | (green
iodines)
Cal ~|I ~ -
311A ] 0.69|
(violet (violet
iodines) | iodines)
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Ca6700.33l2 Ca-l ~|Ca ~
311 A | +1.45)|,
(green I~ -
iodines) | 0.48|e|
(green
iodines)

It has been found from the Bader charge distribution (Table 3.2) that
for all the three systems (Cag.gg00.1112, Cao 7800.2212, Cape700.33l2 (Cals))
Ca has +1.47|e|, +1.46|e|, and +1.45|e|, respectively. These values are
almost same for all the cases and also match the net effective charge
(+1.47|e|) of Ca atoms in the Cal, monolayer. This implies that a Ca
vacancy does not alter the oxidation state of Ca in Cal, based vacancy
induced system including Cal; monolayer.

3.3.4 Magnetic Properties of Cagggdo.1112 Monolayer

We have considered different competing magnetic ordering in
Capgg00.1112 since determination of magnetic ground state plays a very
decisive role in the application of any magnetic material in the
spintronics domain. We have already found that the magnetic moments
in Capgedp11l, are coming from the iodine atoms. Similar to
Cap ggd0.1112, the magnetic moment in Cag 67003312 (Cals) is also coming
from the iodine atoms, and this particular phase has a similar pattern to
that observed in Crlz [13]. However, we have found earlier that
Cagg700.33l2 (Cals) does not hold half-metallic character, which is the
main concern in our work. Similar to Cag 7003312 (Cals), Cag 7802212
also holds metallic character. Hence, we have mainly considered
Cap 9001112 for its magnetic ground states.

To explore the magnetic ground state of Cagggdo11ls, first we have
considered each iodine atom (1) as a magnetic center and checked
whether the six iodine atoms can be treated as a magnetic center. The
spin density distribution (Fig. 3.8a,b) shows two magnetic
configurations ferromagnetic (FM) and antiferromagnetic (AFM)
respectively. It has been found that FM configuration (Fig. 3.8a) is
energetically more stable than the AFM one (Fig. 3.8b) by 30.34 meV.

Furthermore, we have created a 2 x 2 x 1 supercell of our half-metallic
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system Cagggdo11l, t0 investigate three different other possibilities of
magnetic configurations (Fig. 3.8c-e). Since, it has been already
established that the FM configuration (Fig. 3.8a) is more stable, we can
consider the six iodine atoms (1) as a single magnetic center and while
considering different magnetic configurations in a bigger supercell.
Hence, we have considered two magnetic configurations, FM and
AFM-1 (Fig. 3.8c,d) where six iodine atoms are considered as single
magnetic center. Finally, we have found that the FM configuration
(Fig. 3.8c) is energetically more stable by 52.77 and 122.26 meV than
AFM-1 (Fig. 3.8d) and AFM-II (Fig. 3.8e) configurations respectively.
We have also observed that among the two AFM configurations,
AFM-I is more stable than AFM-II by 69.49 meV, which again
confirms that the six iodine atoms are acting as a single magnetic
center giving magnetic moment of 2.00uB. We have also plotted the
spin polarized total density of states of all these three configurations.
The total density of states (TDOS) plot exhibits that the two AFM

configurations are metallic.

®

—Cag.g980.1112

0 200 400 600 800
T(K)
(© (e
00 B0
v Q7 o 0
s }Z%;{ 311; {*K\m« Ji‘u T UA‘D R
AR T AQREA T o\ % a o ._
oo en " " Yol PO ISROLY & :
YAYAY Efi"i‘i A‘b ijV AE Y A‘q
p WAX) 408 V ‘\VAY rO
ey e v‘u_ ST *i@u,
SR, LI,
150 : 200

=
S
\
=
E
B

=
S

TDOS (States/eV)
n n
I
f

|

I~
-]
H

I'DOS (States/eV)
=]
=
=
&
s
TDOS (States/eV)

-no"
S

>

- -200 -200 :
050 -0.25 3 00 0 25 0.50 050 025, got{n )0 25 0.50 50 02 E- g;"(' v )l' 25 050
Fe

Figure 3.8: (a, b) Optimized structures of Cagggdo11l2 in FM and AFM
configurations considering a single iodine (I) as the magnetic center,
(c-e) optimized structures of Cagggdo.11l2 in FM, AFM-I, and AFM-II

configurations in 2 x 2 x 1 supercell and their corresponding TDOS

124



plot. The Fermi level is set to zero and indicated by the blue dashed
line. (f) Variation of magnetic moment as a function of temperature.
Magnetic anisotropic energy (MAE) [50] is an important parameter for
magnetic materials in determining the magnetic orientation at low-
temperature with respect to the lattice structure. Thus, this parameter is
connected to the thermal stability of magnetic data storage [51]. It
describes the energy required to flip the spin between the two spin
states and thus it relates to the blocking temperature below which the
magnetic anisotropy can prevent spin fluctuation. Therefore, we have
calculated magnetic anisotropy energy (MAE) using noncollinear
magnetic calculation with spin—orbit coupling (SOC) for Cagggdo.11l2
monolayer. The magnetic easy axis (EA) of Cagggdo.11l» is found along
the (010) direction. Interestingly, we have found that our system,
Capggdo1l2, has a large magnetic anisotropy energy (MAE) of 14.11
meV per Ca vacancy in the (010) direction. These data are collected in
Table 3.3.

Table 3.3: Summary of magnetic anisotropy energies in meV/vacancy

and the easy axis for Capggdp.1112

Cao,3960,11|2 Easy (001)- (100)- (110)- (111)-
Axis (010) (010) (010) (010)
(010)

0 14.11 0.35 0.13 3.24
meV meV meV meV

This MAE value (14.11 meV) is comparatively larger than the earlier
reported halide based system CrF3 (119.0 ueV per Cr atom), CrCls
(31.5 peV per Cr atom), CrBrz (185.0 peV per Cr atom), and Crls
(685.5 pueV per Cr atom) [15]. Very recently, high magnetic anisotropy
energy (1.1 and 1.5 meV) was also observed in one stannene based
half-metallic system [52]. It is known that elements with 4d or 5d
electrons possess strong spin—orbit coupling (SOC) interaction. Such
strong SOC could be the reason for high magnetic anisotropic energy

(MAE). For example, Ru and Os adatoms on MgO (001) produce giant
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magnetic anisotropy energy (MAE) of 110 meV per Ru atom and 208
meV per Os atom, respectively [53].

However, in our case, high MAE is observed due to the strong SOC
contribution of 5p orbitals of iodine atoms. To analyse the underlying
reason for strong SOC, we have checked the partial contribution of
SOC for our system. We have found that the main contribution to SOC
is coming from the iodine atoms, among which the six iodine atoms
surrounding the Ca vacancy contribute the most toward the total SOC
for the system. Moreover, for all the iodine atoms, the contribution of
SOC is coming from azimuthal quantum number | = 1. For all the other
cases (I =2 and | = 3), we have found much less or no contribution.
This establishes the iodine 5p orbitals as the main contributor toward
SOC for our system. Moreover, we have reported MAE per Ca
vacancy (Capgedo.11l2) with 18 | atoms. Thus, the reported high MAE
value 14.11 meV is coming from 18 | atoms, which is quite reasonable.
Higher magnetic anisotropic energy indicates the required energy to
deflect the spin is high; therefore, this material is good for spintronics
and magnetoelectronics applications.

Curie temperature (Tc) of a material is one of the significant
parameters that determine the prospect of application of that material
in spintronics devices. The Curie temperature of the material should be
comparable to or higher than room temperature to use it in a
spintronics device. Therefore, we have calculated Curie temperature
for our system Cagggdo11l2. We have employed the mean field theory
(MFT) to estimate the Curie temperature of Cagggdo.11l, and further
confirmed the value with Monte Carlo (MC) simulation. We have

found that the Curie temperature of our system Cagggdo.11l2 is 353.12 K
as calculated from MFT theory with KgT¢_yrr = %AE where Kg,

Tcmer and AE are Boltzmann’s constant, Curie temperature, and
exchange energy [19]. We have further checked the value of Curie
temperature using Monte Carlo (MC) simulation [54] based on the
Heisenberg Model of H = —%; ;J; ;5;S; where J;; is the nearest-

neighbour exchange parameter and S; and S; represents the spin
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operators of magnetic moments at neighbour site i and j, since it is
reported that mean field theory (MFT) generally overestimates the
Curie temperature while the Monte Carlo (MC) simulation gives more
reliable results [19, 22, 55-57]. A supercell of 40 x 40 x 1 with
periodic boundary conditions was created for the MC simulation of
Capggdo11l2. Magnetic moment versus temperature (K) of the
Capgg00.1112 system is plotted in Fig. 3.8f. We have observed from the
plot that there is a transition from ferromagnetic phase to paramagnetic
phase at 208.13 K, which indicates that the Curie temperature for our
Capggdo11l2 system is 208.13 K, which is slightly lower than room
temperature. However, the calculated value of Curie temperature for
Capggdo.11l2 system is found to be higher than previously established
halide based CrBrs (theoretical value 32.5 K) and Crl; (experimental
value 45 K) systems [13, 14]. Curie temperature for Crlz was
calculated as ~50 K by Monte Carlo simulation, which is very close to
the experimental reported value proving the rationality of this Monte
Carlo simulation [58]. Since our system has a very high MAE value,
higher Tc may be obtained if we include the spin-orbital coupling term
into the Hamiltonian in the Heisenberg model [59]. The simplest
model that describes the isotropic interactions between local magnetic
moments is the Heisenberg model, H = —¥;;];;S;S; where J;; is the
nearest-neighbour exchange parameter and S; and S; represents the
spin operator of magnetic moments at neighbour site i and j. It is
widely known that at nonzero temperature the isotropic Heisenberg
model does not have spontaneous symmetry breaking in two
dimensions, due to the divergent contributions of gapless spin-waves
[59]. In reality, due to spin-orbit coupling, magnetic anisotropy almost
always exists, such that long-range magnetic order is generally
observed with the addition of even a small amount of anisotropy. The
extreme case is the Ising model, which corresponds to infinitely large
magnetic anisotropy; hence the spin vectors can only point toward the
z-direction. We have found two realistic models (model 1 and model 2)

that can predict more realistic Tc values for 2D FM systems

127



considering finite magnetic anisotropy. Model 1, that is, the anisotropic
Heisenberg model, incorporates the magnetic anisotropy by exchange
anisotropy [59, 60]:

H=—] S [(1—v) (SrsF +57'SY) + 5757 3.7)
where S; = (S¥ + SY + SZ) denotes unit vector of a classical magnetic
moments at site i, J is magnetic exchange constant and vy is
dimensionless constant which indicates the strength of exchange
anisotropy [59, 60]. The exchange anisotropy parameter y can take the
any values between 0 and 1. Classical Ising model and Heisenberg
model can be obtained for the extreme case with y =1, and limit
y = 0 respectively.

Model 2 assumes isotropic exchange interactions [58, 59], taking into
consideration the presence of uniaxial single-ion anisotropy. This
model imposes an energy penalty on magnetic moments pointing
toward directions other than the magnetic easy axis (chosen to be the z

axis), irrespective of the spins at neighbouring sites:

H=—J[Z<ij>SiSj + 2y Xi(SP)?] (3.8)

In this model the strength of magnetic anisotropy (y) can take any
positive value.

From the Monte Carlo simulations using the model 1 and model 2,
Curie temperature (T¢) can be expressed as a function of strength of
magnetic anisotropy (y) [59]. Strength of magnetic anisotropy (y) can
be calculated from the equation MAE = 2y] [59]. The calculated
magnetic exchange J and magnetic anisotropy parameter (y) for our
system Caggodg.11l2 is 3.66 x 10721 Joule and 0.309, respectively. So,
our system follows XY model of magnetism, rather than simple
Heisenberg model. In a previous report [59], it has been observed and

reported that when the magnetic anisotropy parameter (y) reaches 1,

the model 1 predicts Tczo'gl/KB and model 2 predicts Tc =~

1'ZJ/KB. In our case magnetic anisotropy parameter (y) reaches ~ 0.3.

Hence, in our case, according to model 1, the equation will be Tc =
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0'85]/KB, and for model 2 the equation becomes Tc =~ 0'()]/KB, where

Kg is Boltzmann’s constant and J is the exchange constant [59]. From
model 1 and model 2, the calculated T¢ values are 225.11 K and
238.36 K respectively which is considerable higher than previously
reported iodide based systems such as Crlsz [13]. Hence, Cagggdo11l2
system can be considered to be suitable for spintronic device based
applications.

3.3.5. Effect of Strain on Magnetism and Half-Metallicity in
Capgedo.11l2

Tuning the magnetic properties with the application of external strain
is very significant for any 2D materials because during synthesis it
undergoes structural modification (change in the lattice parameters)
while growing on a substrate. Lattice parameters play a crucial role in
defining the fundamental gap in a material. Thus, structural parameters
are also directly related to magnetic properties of any materials.
Moreover, it is also mandatory to consider the effect of strain on the
half-metallicity in any magnetic materials for their practical
application. Therefore, we have investigated the effect of strain on
magnetism and half-metallicity in the Caggedo11l, System, applying
both uniaxial and biaxial tensile and compressive strain ranging from
1% to 5% to examine the nature of the system and the modulation of
spin-up gap in the Cag ggdp 1112 System.

Table 3.4: Modulation of spin-up gap (eV) in Capggdo11l, System and
nature of the system with % of applied strain along biaxial-tensile and

biaxial-compressive direction

% of applied Biaxial-compressive Biaxial-tensile
Strain
Spin-Up Nature of | Spin-Up Nature of
Gap the system Gap the system
(eV) (eV)
1% 3.763 Half-metallic 3.925 Half-metallic
2% 3.680 Half-metallic 3.711 Half-metallic
3% 3.583 Half-metallic 3.743 Half-metallic
4% - Metallic 3.771 Half-metallic
5% - Metallic - Metallic
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Table 3.5: Modulation of spin-up gap (eV) in Caggedp.11l2 System and

nature of the system with % of applied Strain along uniaxial-tensile

and uniaxial-compressive direction

% of applied Uniaxial-compressive Uniaxial-tensile
Strain
Spin-Up Nature of | Spin-Up Nature of
Gap the system Gap the system
(eV) (eV)
1% 3.822 Half-metallic 3.871 Half-metallic
2% 3.728 Half-metallic 3.88 Half-metallic
3% - Metallic - Semiconducti
ng
4% - Metallic - Semiconducti
ng
5% - Metallic - Semiconducti
ng
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Figure 3.9: Graphical representation of spin-up gap of the half-

metallic system Capggdo.1112 under the application of 1% to 5% biaxial

compressive, biaxial tensile, uniaxial compressive, and uniaxial tensile

strain.

It has been observed that Cagggdoi1l, displays various interesting

properties under the application of strain. Our system Cagggdo11l2

sustains its half-metallic properties (Fig. 3.9) upon application of

biaxial compressive strain (up to 3%), biaxial tensile strain (up to 4%),

uniaxial compressive strain (up to 2%), and uniaxial tensile strain (up
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to 2%). The details of the nature of the system upon application of
strain and the spin-up gap value are tabulated in Table 3.4-3.5. The
spin density distribution and details of TDOS plot under all types of
strain from 1% to 5% are included in Fig. 3.10-3.13. It has been
observed from the TDOS plot (Fig. 3.13) that under the application of
uniaxial tensile strain, our system, Cagggdo.11l2, holds its half-metallic
character up to a critical strain, and beyond that critical strain the
structure gets distorted thus introducing a semiconducting state in this
system. These results indicate that our system sustains its interesting

half-metallic properties under external strain.
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Figure 3.10: (a)-(e) Spin density distribution and TDOS plot of
Capggdo.11l2 under the application of biaxial compressive strain from
1% to 5% along with magnified spin-polarized TDOS around the

Fermi for the three half-metallic systems.
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Figure 3.11:
Capg900.1112 under the application of biaxial tensile strain from 1% to

(@)-(e) Spin density distribution and TDOS plot of

5% along with magnified spin-polarized TDOS around the Fermi for
the systems.

Furthermore, to analyze the magnetic ground state of the strained
systems, we have taken a 2 x 2 x 1 supercell of four types of 2%
strained systems as up to 2% the system sustains half-metallicity for all
types of strain. We have observed that under the application of 2%
compressive strain (both biaxial and uniaxial), Cagggdo11l, has a
ferromagnetic ground state, whereas, under the application of 2%
tensile strain, our system shows an anitiferromagnetic ground state
(Fig. 3.14-3.17). The relative energy difference has been tabulated in
Table 3.6.
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Fermi for the two half-metallic systems.

Table 3.6: Relative energy difference of magnetic ground states (FM,

AFM

-1 and AFM-I11) under 2% biaxial and uniaxial strain

AFM-I1 (meV)

38.92

10.78

75.18

941.07

AFM-I (meV)

87.55

92.93

FM (meV)

643.66

0.05

System

Cap.g900.1112

Biaxial-
compressive

Strain (2%)
Biaxial-tensile

Strain (2%)

Uniaxial-
compressive

Strain (2%)
Uniaxial-tensile
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Figure 3.13: (a)-(e) Spin density distribution and TDOS plot of
Capgg00.1112 under the application of uniaxial tensile strain from 1% to
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Figure 3.14: Optimized structure and spin density distribution (SDD)
of Cagggdo11l2 system under 2% biaxial compressive strain with (a)
FM, (b) AFM-1 and (c) AFM-I1I configurations in 2 x 2 x 1 supercell.
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Figure 3.15: Optimized structure and spin density distribution (SDD)

of Cagggdo.11l2 System under 2% biaxial tensile strain with (a) FM, (b)

AFM-1 and (c) AFM-I11 configurations in 2 x 2 x 1 supercell.
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Figure 3.16: Optimized structure and spin density distribution (SDD)

compressive strain with (a)

FM, (b) AFM-1 and (c) AFM-I1I configurations in 2 x 2 x 1 supercell.

of Capggdo11l2 system under 2% uniaxial

(b) : AFM-1

(a): FM

Figure 3.17: Optimized structure and spin density distribution (SDD)

of Cap.ggdo.1112 System under 2% uniaxial tensile strain with (a) FM, (b)

AFM-1 and (c) AFM

in 2 x 2 x 1 supercell.
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3.3.6. Energetic stability and experimental realization of
Cap.g900.1112

We have calculated the vacancy formation energy (Table 3.7) of Ca
defected phases to evaluate the energetic stabilities of these systems
under different experimental growth conditions as explained in section
3.2. It has been found that the formation energy of all these Ca vacancy
induced phases Capggdp.11l2, Cag 7602212 and Caggrd033l2 (Cals) under
Ca-rich environment are 6.94, 6.85 and 6.71 eV/ vacancy respectively,
while the formation energy of all these Ca vacancy induced phases
under I-rich environment are 1.39, 1.30 and 1.16 eV/vacancy
respectively (Table 3.7). Hence, the creation of Ca vacancy is
favorable under I-rich environment.

Table 3.7: Summary of formation energy/vacancy (Er) under Ca-rich
and I-rich environments and nature of the material for with different

Ca-vacancy concentrations

Ca Vacancy Formation energy Nature
in Cal, (eV/vacancy)
Under Ca- | Under I-rich
rich environment
environment
Cao_5750_33|2 6.71 1.16 Metallic
Cao_7850_22|2 6.85 1.30 Metallic
Cag.g9dp 112 6.94 1.39 Half-Metallic

We have primarily focused Ca vacancy induced Cal, monolayer
(Cap.ge0.1112) since this is half-metallic and thus central concern in our
study. While analyzing the possibility of synthesizing of Cagggdo.11l2,
we have found that incorporation of Ca vacancy in CaO nanopowder
(experimentally grown by sol-gel method) has already been
experimentally evidenced [61]. Point defect can be achieved
deliberately by irradiation by high energy particles, including electron
beam, ion beam, high energy laser, or by chemical etching [62]. For
the generation of a point defect via electron beam irradiation, the
electron beam energy should be higher than the knock-on damage
threshold [62] for the system. However, it has been also found in
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literature that various defects concentration can be controlled by
regulating the synthesis process [62]. Therefore, single Ca vacancy in
Cal, monolayer (Cag g960.1112) may also be achieved experimentally.
3.3.7. Dynamic, and Thermal Stability of Caggedo 11l

To analyze the dynamic stability of Cagggdo11l, System, phonon
frequency has been calculated using density functional perturbation
theory (DFPT) [63] as implemented in VASP and phonon dispersion
calculations has been carried out using the Phonopy code [64]. Phonon
dispersion plot of Caggedo11l2 system (Fig. 3.18a) reveals that it has
five imaginary frequencies (0.98i, 2.15i, 16.80i, 21.74i and 25.40i cm™
respectively). Precisely, there are two acoustic modes where no non-
trivial motion of atoms has been observed (0.98i, 2.15i cm™); rather it
exhibits only translation motion of the whole system together (Fig.
3.19d-e). These values are also very small and thus can be considered
as numerical noise [65]. The other three imaginary frequencies (16.80i,
21.74i and 25.40i cm™) corresponds to mainly slight vibration motions
of six | atoms (marked within the red circle; Fig. 3.19a-c) in which

every two | are oppositely displaced.
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Figure 3.18: (a) Phonon dispersion plot of Cagggdo 1112 System, and (b)
total energy fluctuation of AIMD simulation of Cagggdp 1112 System.

Therefore, we have relaxed the soft modes of our Cagggdo.11l2 System
by moving these | atoms along the displacement vectors. We have
taken two displaced structures and optimized the two structures
(named as structure-1 and structure-2). Further, we have calculated the
phonon dispersion for these two structures. Although, these two new

structures also hold imaginary frequencies, the values of these

137



imaginary frequencies are much lower than our earlier imaginary

frequencies.
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Figure 3.19: Displacement eigenvectors (indicated by blue arrows)
corresponding to the soft phonon mode with imaginary frequencies of
(a) 25.40i cm™, (b) 21.74i cm™ (c) 16.80i cm™ (d) 2.15i cm™ and (e)
0.98i cm™ of Caggedorl. System. The violet and green atoms
respectively denote | and Ca.

We have chosen Cagggdp.11l2 (Structure-2) for our main system since it
has lower imaginary frequency. Phonon dispersion plot for Cag ggdo 1112
(structure-2) is shown in Fig. 3.20. Precisely, structure-2 has four
imaginary frequencies out of which three imaginary frequencies (0.29i,
0.37i, and 0.45i cm™) are coming from purely translational motion,
thus cannot be considered as actual unstable mode. Only one
imaginary frequency (20.13i cm™) is coming from the vibration of
iodine atoms (Fig. 3.21). Therefore, we believe that our structure may

be stable on proper substrate.
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Figure 3.20: (a) Soft mode relaxed optimized structure and (b) phonon

dispersion plot of soft mode relaxed Cag ggdo.1112 (Structure-2) system.
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Figure 3.21: Displacement eigenvectors (indicated by blue arrows)
corresponding to the soft phonon mode with imaginary frequencies of
(@) 0.29i cm™, (b) 0.37i cm™ (c) 0.45i cm™ and (d) 20.13i cm™ of
Capggdoa1lo  (structure-2) system. The violet and green atoms
respectively denote | and Ca.

Thermal stability of Cagggdo11l2 System (Fig. 3.18b) is analyzed from
AIMD simulations [66] using an NVT ensemble at 300 K with a time
step of 1 fs (femto second) for 20 ps (pico second). Room temperature
AIMD simulation shows no possibility of inter-conversion or structural
distortion from the optimized Cagggdp11l, System. Thus, it can be
concluded that the Cagggdp11l2 System is thermally stable in room

temperature.
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Since, free standing monolayer (Capgedp11l2) shows stability, we
believe substrate can provide more stability to our monolayer system.
On the other hand, we have found that monolayer and multilayer of
another alkaline earth based halide system (MgCl,) was synthesized on
various transition metal single crystal surfaces, such as Pd (111) and
(100), Pt (111) and (100)-hex and Rh (1I1), by H. Fairbrother and co-
workers using molecular beam epitaxy (MBE) and low energy electron
diffraction (LEED) method [67-68]. Moreover, another Ca based
halide system, CaF, thin film, was grown by molecular beam epitaxy
(MBE) method on Si (111) substrate [69]. So, we believe that Cal, ML
based systems can also be synthesized on transition metal single crystal
surfaces.

3.4. Conclusion

In conclusion, using first-principles DFT calculations, we report a
series of calcium iodide based magnetic monolayers. Our report
reveals that a certain pattern defect can produce a magnetic monolayer,
Cag6700.33l2 (Cals) that has a similar pattern to that in Crl;. We find that
a Cal, monolayer with a single vacancy (Cagsgedoi1l2) exhibits
ferromagnetic half-metallicity (high spin-up gap of 3.84 eV) with
Curie temperature as high as 238 K (XY model), which is considerably
higher than the reported first intrinsic 2D magnet Crlz; (45 K)
monolayer. Furthermore, we have observed considerably higher
magnetic anisotropy energy of 14.11 meV for the Cagggdo11l2 System
than the earlier reported halide based systems, CrF3 (119.0 peV), CrCl;
(31.5 peV), CrBr; (185.0 peV), and Crl; (685.5 peV), which indicates
that the alkali halide based material can be resistive to spin fluctuation.
Our calculated formation energy values indicate the possibility of
experimental synthesis of the Cal, based magnetic monolayer under an
I-rich environment. Thus, such alkali halide based materials can be

promising for applications in spintronic devices.

Note: This is copyrighted material from American Chemical Society,
ACS Appl. Nano Mater, 2019, 2, 6152-6161 (DOI:
10.1021/acsanm.9b00967).
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4.1. Introduction

Continuous miniaturization of electronic devices has reached a limit
due to the limitation of Moore’s law [1]. Spintronics offers an
alternative path to next generation electronic devices by exploiting the
spin degrees of freedom of electrons rather than their charges. To
accomplish this in solid-state devices, injecting spin into the electronic
materials is essential; thus, searching for materials which can generate
100% spin-polarization at the Fermi level has become a fundamental
concern. Half-metals [2], in which one spin channel is metallic while
the other is semiconducting or insulating, can filter the current into a
single spin channel without any external operation; thus, half-metals
can provide completely spin-polarized currents and play a vital role in
the study of spintronics [3]. Hence, this type of material, having
theoretically infinite magnetoresistance [4], shows potential for use in
spin filters, detectors, and sensors in the spintronics domain. On the
other hand, research on antiferromagnetic (AFM) materials has
received increasing interest because they have several advantages over
ferromagnetic (FM) materials [5]. Unlike FM spintronics, AFM
spintronics is based on the effect of tunnel anisotropy
magnetoresistance (TAMR), which is unaffected by parasitic external
magnetic fields and preserves the signal of magnetoresistance with
increasing device miniaturization [5-7]. AFM materials also have the
advantage of not forming magnetic domains and stray fields
(demagnetizing fields); hence, they do not restrict the spin-polarized
current [4]. These AFM materials have potential applications in novel
spin-polarized STM tips, spin injection devices, etc. [4]. Moreover, the
characteristic frequencies of switching between different AFM states
are higher than those of traditional FM materials, which enables the
fabrication of high-speed spintronic devices [5, 8].

Although profound repercussions in the electronic and magnetic
properties have been observed in transition metal (TM)-doped or
adsorbed graphene-based 2D systems and nanoribbons [9-12] as well
as in numerous other TM-embedded materials [13-16], researchers
have recently started to show more interest in main group-based
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systems due to their longer spin relaxation times compared to TM-
based systems [17]. Moreover, it has been found that the magnetism in
TM-doped systems arises from cluster/secondary phase formation from
the doped TM atoms [18]. However, in most metal-free materials,
intrinsic spin ordering is absent, which greatly hampers their scope in
spintronics [19]. Hence, to overcome all these issues with TM
embedded materials, several researchers have made considerable
efforts towards the realization of ferromagnetic materials at room
temperature by doping non-magnetic elements [18, 20-23].

Because the spin relaxation time is inversely proportional to the
strength of spin—orbit coupling, the magnetism arising from pure p
electrons offers long spin relaxation times because it has weak spin—
orbit coupling [24]. Therefore, several attempts to introduce
magnetism in p electron-based systems in graphene, hexagonal boron
nitride (h-BN) sheets, g-C3N4 nanosheets and graphyne monolayers
have been initiated; some of these contemporary studies have been
successfully implemented [25-30]. Recently, Du and co-workers
showed intrinsic ferromagnetism in experimentally realized graphitic
carbon nitride by replacing an N atom of gt-C3N, with a C atom; the
resulting doped system (gt-C4N3) becomes magnetic because C has one
less valence electron than N [31]. A hole-doping approach was also
implemented with the help of DFT studies by replacing two N atoms
with two C atoms in an AIN monolayer to achieve antiferromagnetism
[32]. However, none of these previous literature reports have thrown
light on the detailed mechanism and origin of FM/AFM magnetic
coupling in p electron-based magnetism and variation of exchange
energy with the spatial separation of doped atoms. Previously, long
range FM coupling with high exchange energy was explored in several
materials; this can be useful for spintronics because the magnetism
does not arise from clustering [20, 33, 34]. These previous literature
reports provoked us to introduce magnetism in main group-based
materials via a hole doping strategy and to explore the origin of

FM/AFM coupling and long range interactions between magnetic
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domains for the progression of future-generation metal free
spintronics.

In recent times, one 2D class of group-111/V elements, graphene-like
hexagonal boron phosphide (h-BP), has attracted considerable attention
[35-39]. Because monolayer (ML) h-BP exhibits a moderate direct
band gap (0.81 to 1.81 eV) [35, 40], high carrier mobility (10* cm?V"
s for electrons and 5 x 10° cm? V''s™ for holes) [41], and high
mechanical strength [42], it is considered to be a good candidate for
metal-free spintronics. Recently, Yu et al. and Onat et al. reported
strain-induced magnetism in pristine and semihydrogenated h-BP and
magnetism in h-BP with group IlI, 1V and V atom adsorption and
substitution using density functional theory [42, 43]. Recently, boron
phosphide (BP) films were synthesized experimentally on an
aluminum nitride(0001)/sapphire substrate by chemical vapor
deposition [35, 44]. Motivated by these previous findings, we
systematically investigated the BP ML system for possible application
in spintronic devices via hole doping. Be and Mg doping at the B-sites
and P-sites introduces holes in the BP ML system, which may induce
magnetism. Actually, this doping may have a pronounced effect on the
hybridization of h-BP ML. Thereafter, spin-polarized DFT calculations
were performed to predict the magnetism of the doped BP systems. We
have investigated in detail the origin of the magnetism and half
metallicity from the projected densities of states. Furthermore, we have
analyzed the origin of AFM/FM coupling in the BP ML system and the
coupling strengths with variable distances between the two doped
atoms (Be and Mg). One of the key difficulties in ferromagnetic
systems is the fast degeneration of the exchange coupling strength with
increasing spatial separation between the magnetic centers [45]. In the
present work, we have presented a methodical study of securing
magnetism in BP ML via a hole-doping mechanism and proposed a
mechanism of long range ferromagnetic coupling between two
identical non-magnetic impurities (Mg) substituted in BP ML. The
stability of the h-BP ML system is also discussed for their future
synthesis and practical use. We have calculated formation and binding
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energies to confirm the energetic stabilities of Be and Mg-doped BP
ML. Further, we have confirmed the dynamical, thermal and
mechanical stabilities of the systems by phonon dispersion
calculations, molecular dynamics simulations and stress vs. strain
calculations, respectively. To assess the importance of these systems in
spintronics devices, the electronic properties (spin-polarized density of
states and band structure) and magnetic properties (magnetic
anisotropic energy, exchange energy, Curie temperature) are calculated
and investigated. During device fabrication, these systems are
generally grown on a substrate, which generates strain; thus, it is very
necessary to inspect the strain sustainability and strain effects on the
magnetic properties of these systems for their practical use in high
performance spintronic devices.

4.2. Computational Methods

We carried out spin-polarized calculations for all the structures using
the projector augmented wave (PAW) pseudopotential method as
implemented in the Vienna ab initio Simulation Package (VASP) [46].
The generalized gradient approximation (GGA) was used to accurately
describe the electron—electron exchange and correlation energies of
delocalized s and p electrons using the Perdew—Burke—Ernzerhof
(PBE) functional [47, 48]. The projected augmented wave (PAW)
method [49, 50] was employed using a 470 eV energy cutoff to
describe the electronic wave function. The Be and Mg-doped structures
were modeled using a (4 x 4 x 1) hexagonal supercell containing 32
atoms. A gamma-centered k-point grid of 9 x 9 x 1 was used to sample
the first Brillouin zone of the Be and Mg-doped BP supercells for
geometry optimization, and 15 x 15 x 1 was used to calculate the spin-
polarized electronic properties (density of states). A 20 A vacuum was
employed along the z-direction to avoid any interactions between
periodic images. We achieved self-consistency by setting the
convergence tolerance to 10° eV and 10 eV A for the total energy
and force calculations, respectively. Bader charge analysis was
performed [51-53] using the Henkelman programme [54] with a near-
grid algorithm edge-refinement method to understand the charge
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transfer process The thermal stability of the Mg-doped BP (6.25%)
system was verified by carrying out ab initio molecular dynamics
simulations (AIMD) using a canonical ensemble at 300 and 500 K with
a time step of 1 fs for 30 ps. The Nose” thermostat model was used to
control the temperature throughout the MD simulations [55]. The
phonon frequency calculations were performed using the density
functional perturbation theory (DFPT) [56] as implemented in VASP,
and phonon dispersion calculations were carried out using Phonopy
code [57]. Furthermore, energetic stability [24] of the Be and Mg
doped boron phosphide monolayer are investigated from the formation
energy (Er) and binding energy (Eg) calculations. The formation
energy are calculated using the following equations [24]

Epp-sitey = (Epesmganr — Epp) — (Me/mg(putk) = Mpauk))  (4.1)
Er-sitey = (Epe/mgespr — Esp) — (Mpe/mguin) — Mui))  (4.2)
Here Eg./mg@pp is total energy of the Be/Mg doped BP monolayer
system, Egp is the total energy of undoped BP monolayer,
Mpe/Mg(Bulk) » Mp(Bulk) @Nd Hpepuik) are the chemical potential of
Be/Mg atom , P atom and B atom from their respective bulk structures
[58-61]. Binding energy refers to the energy required to isolate single
Be or Mg atom from Be"@BP and Mg°@BP systems. Therefore, we
have considered the energy of single isolated Be and Mg atom while
calculating the binding energy. Binding energy is calculated by the
following equation [24]

Ep = Egesmganr — (Esp + Epejmg(singte atom)) (4.3)
Here Eg./mgaepp is total energy of the Be/Mg doped BP monolayer
system, Egp is the total energy of undoped BP monolayer,
Ege/mg(single atom) 1S the total energy of isolated Be/Mg atom.
Cohesive energy of Be and Mg bulk systems are calculated from the

following equation

__ Epe/mgBuik)—NXEpe/Mg(single atom)
ECoh - N (4-4)

Furthermore, to predict the magnetic ground state of Be"@BP and

Mg"@BP ML system, we have calculated the exchange energy [1, 6-
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8] (E.y) per unit cell and magnetic anisotropic energy [1, 6-8] of Be
and Mg doped BP monolayer. The exchange energy per supercell (E,,)
is calculated using the following equation where Ery and E,py
denotes the energies of ferromagnetic and antiferromagnetic states.
Eex = Earm — Erm (4.5)
Similarly, magnetic anisotropic energy (MAE) [65] per unitcell is
calculated incorporating spin-orbit coupling (SOC) effect using the
following equation where Ey 4 is the energy of the system (along hard
axis) with application of magnetic field along magnetizing direction
(100), (010), (110), (111) and (001). Eg4 is the energy of the system in
present of a magnetic easy axis, which is an energetically favourable
direction for spontaneous magnetization. We have also tried two out of
plane direction (001) and (111) magnetizing direction.
MAE = Ey, — Egy (4.6)
The spin density distribution (SDD) is plotted to understand the nature
of electron spin density on the unpaired electron in the Be"@BP and
Mg"@BP ML system. The SDD is calculated using the following
equation

Psp = Pup — Pdown (4.7)
Here, pypand pgown are the up and down electron spin density,
respectively. In the SDD, the wave functions for spin up and spin down
electrons are indicated by yellow and blue colors respectively. The
direct mapping of the electron spin density is measured by the neutron

diffraction in electron spin resonance (ESR) spectroscopy.

4.3. Results and Discussion:

4.3.1. BP ML and Be- and Mg@BP

In this work, we considered a two atom hexagonal unit cell (Fig. 4.1)
of BP monolayer (ML) for our study. Our optimized lattice parameters
(a=b=3.21 A) and band gap (~0.91 eV) match previous reports (0.90
eV) on BP ML [35, 40, 66-67]. The calculated B—-P bond length is 1.85
A, which is consistent (1.85 A) with a previous theoretical report [66].
Fig. 4.1 shows the total electron density distribution in BP ML; it can
be seen that the electrons are highly delocalized. The contour electron
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localization function (ELF) plot shows that there is a strong covalent
overlap between B—P, which agrees with a previously reported result
[68]. Furthermore, our calculated Bader charge values (Table 4.1) are

also consistent with these findings.
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Figure 4.1: (a) Optimized structure (top/side view), (b) total electron
density (isosurface value: 0.08 e A), (c) electron localization function
(ELF; maximum saturation level 0.17 e A, minimum saturation level
0.0 A, (d) spin polarized total/partial density of states (TDOS/PDOS)
of the BP monolayer. Here, the red dashed box indicates the unit cell
of the system. The Fermi level is shifted to zero and is indicated by a
navy blue dashed line.

Table 4.1: Bader charge analysis of pure BP and Mg’ @BP

System: Pure BP Net Effective Charge (Average)
B P
B= +0.79 P=-0.79

System: Mg @BP

Mg B P

+1.43 B1=+0.38, | P1=-0.78, P2=-
B2=+0.38 0.81, P3=-0.78,

and P4:'0-811
B3=+0.39 | p5=-0.79 and
P6=-0.79

Se in Mg-B3 unit
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Inspired by many previous reports [24, 31, 32], we considered hole
doping in h-BP ML to induce magnetism. For this, we considered Be
and Mg doping in a (4 x 4 x 1) supercell of BP ML because they have
one fewer electron than B and P, respectively, in their outermost shells.
To investigate the effects of doping concentration on BP ML, we
considered doping concentrations of 6.25%, 4.00%, 2.78% and 2.04%.
Hereafter, Be-doped BP ML at the B- and P-sites will be referred to as
Be®@BP and Be’@BP. Similarly, Mg-doped BP ML at the B- and P-
sites will be referred to as Mg°@BP and Mg"@BP. We have
systematically studied the electronic and magnetic properties of these
doped systems. It has been found that the Be®@BP and Mg°@BP
systems are non-magnetic, while both the Be"@BP and Mg’ @BP
systems are magnetic, with total magnetic moments of 1.00 puB per
dopant (Fig. 4.2). We found from the spin density distribution (Fig.
4.2) that a single B vacancy in BP monolayer induces a magnetic
moment (2.60 uB). However, incorporation of Be and Mg atoms in the
B-vacancy position cancels the total magnetic moment in the system,

which can be observed from the spin density distribution (Fig. 4.2b-c).

(b)

C/A B 9 4 ot W et W ®

Figure 4.2: Spin Density Distribution of (a) BP monolayer with single
B-vacancy, (isosurface value: 0.002337 e A®) (b) BeP@BP system
(isosurface value: 5.0 e-8 A®) and (c) Mg®@BP (isosurface value: 1.0
e-8 A%,

The Be/Mg doping at the P-site introduces holes in the BP system,
which leads to magnetism. Therefore, asymmetric spin density and
spin-splitting was found from the spin-polarized density of states (Fig.
4.3) of the Be"@BP and Mg"@BP systems. The effects of doping
concentration on the magnetism/electronic properties of the Be’@BP
and Mg"@BP systems was thoroughly investigated by considering a
series of concentrations, including 2.04%, 2.78%, 4.00% and 6.25%
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(Fig. 4.3 and 4.4). Interestingly, the calculated electronic properties
(TDOS/PDOS) of Be’@BP show half-metallicity at particular
concentrations (4.00% and 6.25%). However, Mg"@BP exhibits half-
metallic character for all the doping concentrations (2.04%, 2.78%,
4.00% and 6.25%). For both Be"@BP and Mg @BP, the half-metallic
systems, the spin up channel (majority) is semiconducting and the
spin-down (minority) channel is metallic.
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Figure 4.3: Optimized structures (top/side view) and spin polarized
density of states of 6.25% doped (a) Be?@BP, (b) Mg®@BP, (c)
Be"@BP and (d) Mg"@BP systems. The Fermi level is set to zero and
is indicated by a blue dashed line. The doped Be and Mg atoms are
denoted by violet and orange colors. Red dotted circles show the doped
Be/Mg atoms in the systems.

The spin majority state gaps of both half-metallic systems, Be’@BP
and Mg"@BP, increases with the doping concentration (Table 4.2).
Table 4.2: Magnetic moments per dopant (uB), nature of the system
and spin gaps (eV) for the Be"@BP and Mg"@BP systems with

different doping concentrations

Be"@BP Magnetic Nature Spin-Up
Doping concentration moment Band Gap
(%) /dopant(uB) (eV)
6.25 0.99 Half-metallic 0.65
4.00 1.00 Half-metallic 0.79
2.78 0.69 Metallic 0
2.04 0.74 Metallic 0
Mg " @BP
Doping concentration
(%)
6.25 1.00 Half-metallic 0.44
4.00 1.00 Half-metallic 0.61
2.78 1.00 Half-metallic 0.67
2.04 1.00 Half-metallic 0.68
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Figure 4.4: Optimized structures (top/side view) and spin polarized
density of states of (a) 4.00%, (b) 2.78%, (c) 2.04% Be’@BP and (d)
4.00%, (e) 2.78%, (f) 2.04% Mg @BP systems. The Fermi level is
set to zero and indicated by a blue dashed line. Red dotted circles
show the doped Be/Mg atoms of the system.

In recent times, various research groups reported [62-63, 69-70]
magnetism and half metallicity by incorporating different transitional
metals in carbon nitride-based systems. Previous reports also suggested
metal-free half-metallicity in carbon/boron nitride-based 2D systems
by self-doping of C atom with a particular doping concentration [24,
28, 71]. Hence, the exhibition of half-metallic character in the
electronic properties of the Mg @BP system influenced us to carry out
further investigations with this system and determine the origin of the
half-metallic character. The detailed analysis of the density of states

(Fig. 4.3c and d) shows that the 2p orbitals of the B atoms give rise to
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half-metallicity in both the Be’@BP and Mg @BP systems. The
valence band (spin up) is more stabilized in the case of Mg"@BP (0.30
eV to 0.48 eV) compared to Be"@BP (0.01 eV to 0.20 eV). This is
because the van der Waals radius of Mg (173 pm) [72] is much closer
to that of P (180 pm) [72] than of Be (153 pm) [72]. This leads to
better hybridization between Mg and B and, hence, to stability in the
overall system [24]. The higher abundance of Mg over Be [73] and the
half-metallic character of Mg"@BP influenced us to perform a
systematic study of the magnetic properties of this system.
Subsequently, it is quite interesting to determine whether excess holes
or excess electrons can induce magnetism in BP by doping different
main group elements. Hence, we doped BP with various other main
group elements X (X = Li, Na, C, N, Al, Si, S) both at the B-sites and
P-sites. We found that only the Li"@BP, Na®@BP and Na"@BP
systems exhibited magnetism, with magnetic moments of 2.00 uB per
dopant. However, Li@BP and the other doped systems did not induce
magnetism (Fig. 4.5-4.10).
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Figure 4.5: Optimized structure and TDOS of (a) Li®@BP with 6.25%
doping concentration. The Fermi level is shifted to zero and indicated
by a blue dashed line. B, P and Li atoms are indicated by green, gray

and pink color respectively. Doped Li atom is indicated by red circle.
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green, gray and bluish silver color respectively. Doped N atom is

indicated by red circle.
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Figure 4.8: Optimized structure and TDOS of (a) AIP@BP (b)
AIP@BP with 6.25% doping concentration. The Fermi level is shifted
to zero and indicated by a blue dashed line. B, P and Al atoms are
indicated by green, gray and light blue color respectively. Doped Al

atom is indicated by red circle.
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Figure 4.9: Optimized structure and TDOS of (a) Si®@BP (b) Si"@BP
with 6.25% doping concentration. The Fermi level is shifted to zero
and indicated by a blue dashed line. B, P and Si atoms are indicated by
green, gray and dark blue color respectively. Doped Si atom is

indicated by red circle.
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Figure 4.10: Optimized structure and TDOS of (a) SF@BP (b) S"@BP
with 6.25% doping concentration. The Fermi level is shifted to zero
and indicated by a blue dashed line. B, P and S atoms are indicated by
green, gray and yellow color respectively. Doped S atom is indicated
by red circle.

Asymmetric spin density and spin-splitting was observed for the
Li"@BP, Na®@BP and Na"@BP systems (Fig. 4.11) from their
corresponding spin-polarized densities of states. It was observed that
Li"@BP is weakly half-metallic and Na"@BP is semiconducting in
nature. However, Na®@BP is half-metallic, with a spin-up gap of 1.02
eV. Because the formation energy is higher for the Na®@BP system
(6.00 eV) than the Mg"@BP system (5.46 eV), we focused on the
Mg"@BP system in this work for further study.
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Figure 4.11: Optimized structures (top view), spin density
distributions (isosurface value: 0.00244284 e A®) and spin polarized
densities of states of the (a) Li" @BP (6.25%) (b) Na®@BP (6.25%) (c)
Na"@BP (6.25%) systems. The doped Li and Na atoms are denoted by
dark pink and red colors. Red dotted circles show the doped Li/Na
atoms in the systems.

4.3.2. Magnetic properties of Be”@BP and Mg"@BP

The source of the magnetism and half-metallicity in the Mg"@BP
(6.25% doped) system was investigated by analysing its partial residual
spin, spin density distribution (SDD) and partial density of states (Fig.
4.12 and 4.13). The 3s orbital of doped Mg hybridizes (sp?) with the in
plane 2p (2px and 2py) orbitals of the surrounding B atoms, which
carry a residual spin (Fig. 4.12) due to the hole doping. Hence, the
maximum contributions of the total magnetic moment (1.00 uB) arise
mainly from the residual spin Mg—B3 unit, which is also evident from
the spin density distribution (SDD) (Fig. 4.13a).

Moreover, the partial density of states of Mg"@BP (6.25%) (Fig.
4.13c-e and Fig. 4.14) shows that the half-metallicity primarily
originates from the Mg-B3 unit of the Mg"@BP (6.25%) system. A
detailed study of the partial density of states (Fig. 4.13c—e) evidenced
that the in plane 2p orbitals (2py and 2py) of B provide the maximum
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Figure 4.12: Schematic of the presence of residual spin in the
Mg"@BP (6.25%) system due to Mg doping in the BP monolayer.
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Figure 4.13: (a) Spin density distribution (isosurface value: 0.001191
e A®), (b) electronic structure (band structure, DOS), (c)—(e) PDOS
plots of the Mg, B and P atoms of Mg @BP (6.25%).

contribution towards the half metallicity of the system. The strong p—p
overlap around the Fermi region (energy range -0.5 to 0.5 eV) results
in a strong interaction between Mg and B atoms, which is clearly
shown in the partial density plot (Fig. 4.13c—e). Recently, Chintalapati
et al. showed ferromagnetic coupling due to the strong sp—p interaction
between Mg and N atoms in an Mg-doped AIN surface [18]. Hence, in
this case, the half-metallicity in Mg"@BP (6.25%) arises due to
splitting of the spin-up and spin-down states of the p orbitals near the
Fermi level.

This result is also supported by the Bader charge analysis (Table 4.1)
which shows that the valence electrons transfer from Mg to the
surrounding B atoms. In the pure BP monolayer, the average net

effective charge of the B atoms is +0.79 |e| and the average net
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effective charge of the P atoms is 0.79 |e]. However, in Mg"@BP
(6.25%), the net effective charges of the three B atoms surrounding Mg
become +0.38, +0.38 and +0.39 |e|, respectively, which indicates that
0.4 e is transferred to each B atom on average. Mg atom loses +1.43

le|, which supports that Mg is transferring electrons to the three B

atoms.
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Figure 4.14: TDOS plot of (Mg-B3) unit in Mg"@BP system. The
Fermi level is shifted to zero and indicated by a blue dashed line.

The band-structure plot (Fig. 4.13b) shows that only two down spin
bands are crossing the Fermi level due to the half-metallic character,
similar to the density of states plot. Similarly, as in Mg"@BP (6.25%),
the main contribution of the total magnetic moment (1.00 uB) in
Be"@BP (6.25%) arises from the Be atom and the three B atoms
around it. The total and partial density of states of semiconducting
Be’@BP (6.25%) also shows p-p coupling between the Be and B
atoms (Fig. 4.15).

The effects of magnetic coupling between the two neighboring dopants
are highly crucial to their overall effects on the magnetic properties of
the system. Hence, we studied the relationship between the magnetic
couplings and the distance of the two dopant atoms. We considered
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Figure 4.15: (a) Spin density distribution (SDD) (isosurface value:
0.0005 e A®), (b) TDOS plot, (c)-(e) PDOS plots of Be, B and P atoms
of Be"@BP (6.25%). The Fermi level is shifted to zero and indicated
by a blue dashed line.
two Be and Mg atoms in an 8 x 4 x 1 BP supercell because of the
computational limit. To observe the magnetic coupling between two
dopant atoms, we substituted two Be and Mg atoms in P sites with
different spatial separations (2.59 A to 12.94 A) to study the magnetic
coupling. The optimized structures of Mg @BP with different
distances of dopant atoms are tabulated in Table 4.3. Similarly, the
optimized structures of Be"@BP with different distances of dopant
atoms are tabulated in Table 4.4.

We then compared the energy differences (Table 4.3) of the Mg-doped
systems and found that the system with Mg—Mg distance of 5.83 A is
the most stable. This may be due to structural distortion, where B-B
bond formation takes place. Similarly, the other nonmagnetic structure
with Mg-Mg distance of 2.99 A is energetically more stable than the
other two magnetic structures. The magnetic systems with Mg-Mg
distances of 9.74 A and 12.94 A have energies relatively 1.89 eV and
2.00 eV higher than that of the most stable structure, respectively.
Therefore, these are high energy phase structures. However, these
doped Mg atoms are well (and equally) separated, and they may not

aggregate, as may occur for the other two configurations. When we
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have increased the distance to 9.74 A and 12.94 A, the Mg"@BP
structure was found to be antiferromagnetic, with a very low value
(1.00 meV) of exchange energy, and ferromagnetic, with a high
exchange energy (67.80 meV), respectively.

Table 4.3: Optimized spatial separations between two dopants (A),
optimized structures, relative energies (eV), exchange energies (meV)

and magnetic ground states of the Mg"@BP systems

Spatial Optimized Structure of Relative | Magnetic Ground
Separati Mg’ @BP Energy State
on (eV)
between
dopants
(A)
2.99 A 0.63 Non-magnetic (0.00
uB)
5.83 A 0.00 Non-magnetic (0.00
HuB)
Exchan | Magnetic
ge Ground
Energy State
(meV)
9.74 A 1.89 1.00 | Antiferro
magnetic
12.94 A 2.00 67.80 | Ferromag
netic

Hence, this particular configuration, with 9.74 A distance between the
(Mg-B3) units, has a metastable antiferromagnetic ground state; thus,
under certain experimental conditions, it may show a ferromagnetic
half-metallic ground state [74]. Similar studies show that Be doping
with spatial separation results in different magnetic ground states in the
Be’@BP system (Table 4.4). Previously, some theoretical studies have
reported long distance antiferromagnetic coupling due to charge

transfer from the metal to the ligand in a family of dinuclear transition
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metal complexes with derivatives of 1-3 or 1,4-dicyanamidobenzene
as bridging ligands [45]. We believe that this long distance FM and
AFM coupling arises from charge transfer from the alkaline earth
metal (Be, Mg) to the B site and delocalized extended boron p orbital
coupling in the BP systems.

Table 4.4: Optimized spatial separation between two dopants (A),

Optimized structure, Exchange energy (meV) and Magnetic ground

state of Be”@BP systems
Spatial Optimized Structure of Magnetic Ground State
Separation Be"@BP
between
dopants (A)
2.59 A ) Non-magnetic (0.00 pB)
; D ] ' S A 8, A
a.__A _Y,Y A ; A
& UAvA ;q‘ba;a-oa 9
6.19 A - Non-magnetic (0.00 pB)
I RERRRY S,
/ PP bﬁ’
5,,,1-,.,.;;?," AY'O s/
Ak AL k. ik
Exchange Magnetic
Energy Ground State
(meV)
9.62 A - 3.29 Ferromagnetic
LAl
a.’i'ié-a 8 ‘:J }’-371 e
12.84 A S 18.95 Antiferromagneti
/; A XTI T c
ALoRA, m’g/}g Ay
A A .- A,F Ao - wé) A

The spin density distributions (SDD) (Fig. 4.16a and b) show that p
electron coupling exists between the two magnetic domains (Mg-B3)
in the Mg"@BP (6.25%) system through the B p orbitals. Similar long
distance antiferromagnetic coupling up to 33 A in dinuclear transition
metal complexes was previously reported by Nunzi et al. and was
thoroughly explained by extended p electron coupling theory. Further,
we found that the structure with 12.94 A distance between two (Mg—

B3) units is ferromagnetic, with a large value (67.80 meV) of exchange
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energy; this indicates that the system will have a high Curie

temperature, which is suitable for room temperature spintronics.

0-0-0- TR 0-CEHTLIDD-0-0 oo waEEDeefitRema s
Figure 4.16: Spin density distributions of the Mg"@BP ground states
at distances of (a) 12.94 A between two Mg-B3 magnetic units [FM
coupling, (isosurface value: 0.0010 e A®)] and (b) 9.74 A between two
Mg-B3 magnetic units [AFM coupling, (isosurface value: 0.0011 e A°
N

Therefore, at a distance of <12 A, the two magnetic domains (Mg—B3)
can influence each other, giving rise to AFM coupling. However, with
increasing distance (>12 A), the AFM coupling becomes weak; hence,
the two magnetic domains act as separate single spins, giving rise to
FM ordering with a magnetic moment of 2.00 uB. Recently, long
range FM ordering was demonstrated in Mn-doped two dimensional
di-chalcogenides, where the long-range ferromagnetism of Mn spins is
mediated by an antiferromagnetic (AFM) exchange between the
localized Mn d states and the delocalized p states of the S, Se, and Te
atoms [75]. Here, the long range FM coupling (>12 A) between the
two magnetic units (Mg-B3) is protected by AFM coupling at close
proximity (<12 A). Hence, we can conclude that the p electron
coupling causes the long distance FM and AFM coupling in Mg"@BP
and the long range ferromagnetism does not arise from clustering
effects, as observed in TM-doped systems [18, 33]. To investigate the
magnetic coupling between two Mg-B3 units at a distance greater than
12.94 A, we considered a larger supercell (10 x 5 x 1) with two Mg
atoms at a distance of 16.16 A. After considering the two
configurations (FM and AFM), it was found that the AFM
configuration is the most stable (Fig. 4.17), with an exchange energy of

6.08 eV. Hence, this FM coupling at 12.94 A is a special case. We also
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considered a larger BP supercell (8 x 8 x 1) with 6.25% doping
concentration (Fig. 4.18) to understand whether the magnetic ground

state is affected by the periodic boundary conditions.

Figure 4.17: Spin density distribution (SDD) (isosurface value:
0.0012 e A®) of (a) FM and (b) AFM configuration of Mg"@BP
system in a larger (10 x 5 x 1) BP supercell.

(b) AFM-I
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Figure 4.18: Optimized structures, Spin Density Distribution
(isosurface value: 0.0012 e A®), and TDOS of (a) FM, (b) AFM-1 and
(c) AFM-II configuration of Mg’ @BP (6.25%) in 8 x 8 x 1 BP
supercell. The Fermi level is indicated by the blue dashed line.

It was found that the FM state is more stable than the two different
AFM states (AFM-1 and AFM-II) by 129.48 meV and 129.47 meV per
supercell, respectively. Therefore, the magnetic ground state is not
affected by the periodic boundary conditions. Hence, the Mg"@BP
(6.25%) system has a stable FM ground state; this type of long range

FM ordering, which does not arise from clustering, is very promising
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for spintronics applications. Furthermore, we calculated the magnetic
anisotropy energy (MAE) using non-collinear magnetic calculations
with spin—orbit coupling (SOC) for the half-metallic Mg" @BP (6.25%)
system. The magnetic anisotropic energy (MAE) is an important
parameter of magnetic materials to determine the low-temperature
magnetic orientation with respect to the lattice structure, which is
directly related to the thermal stability of magnetic data storage [76].
The magnetic easy axis (EA) of Mg"@BP (6.25%) was found to lie in
the (001) direction. The calculated MAEs for Mg"@BP (6.25%) are
21.6 meV per Mg based on the PBE calculation level. These data are
tabulated in Table 4.5. Mg"@BP (6.25%) possesses comparatively
larger MAE values than those of bulk Fe (1.4 meV per Fe atom) and
Ni (2.7 meV per Ni atom) and similar to those of Mn (69 and 20 meV
per Mn atom for the (100), (010) directions in the ab-plane and 47 and
25 meV per Mn atom for the (001), (111) directions out of the ab-
plane, respectively) in 2D Mn,C sheets [5]. Due to these large MAEs,
Mg"@BP (6.25%) is interesting for magnetoelectronics and spintronics
applications.

Table 4.5: Summary of Magnetic Anisotropy Energies in peV/dopant
and the EA for Mg"@BP (6.25%)

MgP@BP Easy (100)- (010)- (110)- (111)-
(6.25%0) AXis (001) (001) (001) (001)
(001)
0 meV 21.6meV | 21.6 meV | 21.6 meV | 14.2 meV

Moreover, the effects of strain on the magnetic properties were verified
due to their importance in practical applications. We studied the half-
metallicity of the Mg"@BP system by TDOS analysis under
applications of biaxial tensile strain (1% to 3%). We found that the
Mg°@BP system sustains its half-metallic character upon application
of 2% biaxial tensile strain (Fig. 4.19a). To develop a spintronics
material, the Curie temperature (Tc) of that material should be
compatible with or higher than the room temperature. Here, mean field

theory (MFT) [63] was adopted to estimate the Curie temperatures
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(Tc) of the Mg"@BP system. The Curie temperature can be estimated
by MFT with KgT¢e_ypr = EAE; where Kg is Boltzmann’s constant

and AE is the exchange energy per spin coupling interaction [77]. The
Curie temperature of the Mg’ @BP system was found to be 524.52 K
from our MFT calculations. It is well known that the Curie temperature
predicted by MFT is overestimated and that Monte Carlo (MC)
simulations give reliable results [5, 77]. Therefore, we calculated the
Curie temperature (Tc) of Mg @BP (6.25%) sheets using Monte Carlo
(MC) simulations [78] based on the Heisenberg model of H =
—2i,/i,jSiS;, where J; ; is the nearest-neighbor exchange parameter
and S; and §; represents the total magnetic moments per unit formula.
A 40 x 40 x 1 supercell was constructed for the MC simulation of
Mg"@BP (6.25%) system, and the average magnetic moment per
formula unit was taken after the system reached equilibrium at a given

temperature.
(a) (b)
50
SBtI::ils I — ;;0 1'0-\-'-—%\“—1\1;:"@1"31»
251 0.8
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Magnetic Moment (uB)
Y

0 200 400 600 800
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Figure 4.19: (a) Sustainability of the half-metallicity of Mg"@BP
under application of biaxial strain (1% to 3%). The Fermi level is
indicated by a blue dashed line. (b) Variation of the total magnetic
moment (UB) per formula unit of Mg"@BP (6.25% doping) as a
function of temperature.

We have plotted the magnetic moment (uB) vs. temperature (K) for the
Mg"@BP (6.25%) system (Fig. 4.19b) and found that the magnetic
moment of the system gradually decreases at ~494 K. Therefore, the
Curie temperature of the Mg"@BP (6.25%) system is much higher
than those of many previously studied systems, such as carbon-nitride-
based [24], MnX, (X = S, Se) [77], and FeCl, [79] systems. Hence,
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due to its high Curie temperature, Mg"@BP (6.25%) is suitable for
spintronics functions at room temperature.

Stability of Mg"@BP (6.25%) is very necessary for experimental
realization of this type of system. Hence, we thoroughly studied its
energetic, dynamic, thermal and mechanical stabilities to confirm its
potential for practical applications in spintronic devices.

4.3.3. Energetic stability

We have calculated the formation energies and binding energies of the
Be’@BP and Mg"@BP systems to evaluate the energetic stabilities of
these systems (Table 4.6).

Table 4.6: Formation energies per dopant (Eg) and binding energies
per dopant (Eg) for the Be"@BP and Mg”@BP systems with different

doping concentrations

Be"@BP Formation Binding Energy
Doping concentration energy (eV/atom)
(%) (eV/atom)
6.25 4.62 6.25
4.00 4.65 6.28
2.78 4.65 6.28
2.04 4.65 6.29
Mg"@BP
Doping concentration
(%)
6.25 5.46 9.35
4.00 5.49 9.38
2.78 5.51 9.39
2.04 5.51 9.40

We found that the formation energy of the Be’@BP system remains
almost unchanged (4.62 to 4.65 eV per dopant) with changes in the
doping concentration (6.25% to 2.04%). Although the Mg’ @BP
systems have higher formation energies (5.46 to 5.51 eV per dopant)
compared to Be’@BP, these values were also almost unchanged with
variation of the doping concentration. The slightly higher formation
energy values for Mg can be justified by the greater size mismatch
between P (0.98 A) and Mg (1.45 A) compared to P and Be (1.12 A). It
was found from the formation energy values (Table 4.7) of Be®@BP
and Mg®@BP are energetically more favorable by 3.55 eV and 2.19
eV than the Be"@BP and Mg"@BP systems. This can be explained by
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the closer atomic radii of Be and B compared to Be and P. However,
the main concern of this work is to introduce half-metallicity in BP
monolayer which can only be found at Be°@BP and Mg @BP
systems.

Table 4.7: Formation energy/dopant (Er), binding energy/dopant (E),
magnetic moments/dopant (uB) and band gap (eV) for Be®@BP and

MgP@BP systems

Be°@BP Formation Binding Magnetic Band

(%) energy Energy moment Gap
(eV/atom) (eV/atom) /dopant(uB) (eV)

6.25 1.06 4.03 0.00 (Metallic) 0

Mg°@BP
(%)
6.25 3.26 7.99 0.00 (Metallic) 0

Although the formation energies of Be"@BP and Mg @BP systems
(4.62 eV and 5.46 eV) are high, such high formation energy-based
systems have been realized experimentally. For example, a C-doped
BN system (C doping at both B- and N-sites) has been synthesized
experimentally via in situ electron beam irradiation by Wei and co-
workers [80], although the reported value of formation energy for Cg
(C doping at the B-sites) in a B-rich environment is 4.07 eV and that
for Cy (C doping at the N-sites) in a N-rich environment is 4.27 eV
[81]. Later, C-doped BN sheets were synthesized, also via pyrolysis,
by Huang and co-workers [82]. We also found that the formation
energy of 15.60% B doping in graphene (7.56 eV) is higher than that
of N doping in graphene (2.68 eV) [24, 83]. However, B-doped
graphene has been synthesized up to a dopant concentration of 13%
[24, 84, 85]. Furthermore, we note that 27% B—N co-doped graphene
has been synthesized experimentally [86], although 31% B-N co
doped graphene has a formation energy of 4.08 eV [83]. Therefore,
based on the above theoretical predictions and experimental synthesis,
we can predict the possibility of experimental realization of our
systems (Be"@BP and Mg"@BP). We also checked the solubility and
the possibilities of ionization of the dopants (Be and Mg) whether or
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not Be"@BP and Mg"@BP are dispersed in polar solvent based on
electron localization function (ELF) calculations. The ELF calculations
of the Be"@BP and Mg"@BP systems (Fig. 4.20) indicated that both
these systems have strong covalent bonds between Mg/Be-B, which

suggests that the dopant atoms will not be ionized in polar solvents.
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Figure 4.20: Electron localization function (ELF; maximum saturation
level 1.0 e A minimum saturation level 0.0 A®) of (a) Be"@BP
(6.25%) and (b) Mg"@BP (6.25%)

The binding energy values (Table 4.6 and Table 4.7) show that the
doped Be and Mg atoms bind more strongly at the P-site (6.25 and
9.35 eV) compared with the B-site (4.03 and 7.99 eV). It was observed
that the binding energy values of Be"@BP and Mg @BP are quite
comparable for different doping concentrations (Table 4.6). We also
compared our binding energy results with a previous reported study of
a transitional metal doped BN monolayer (5.99 to 8.82 eV) [87] and
found that the binding energy values of Be’@BP (6.25 to 6.29 eV) are
in a similar range, while the values are quite high (9.35 to 9.40 eV) for
Mg"@BP. This indicates that Mg binds more strongly than Be with the
BP monolayer. The binding energy values of 6.25% Be’@BP and
Mg"@BP (6.35 eV and 9.35 eV) are higher than the cohesive energies
(3.73 eV and 1.47 eV) of bulk Be and Mg, which minimizes the
possibility of cluster formation within the system. Hence, we can
conclude that Be’@BP and Mg"@BP are thermodynamically stable.
Furthermore, we have predicted a possible method for the experimental
synthesis of Mg"@BP. It was reported earlier that an Mg-incorporated
GaN epilayer was grown by metal organic chemical vapor deposition

(MOCVD) using bis(cyclopentadienyl)magnesium (Cp,Mg) as the Mg
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precursor [88-91]. Thus, we assume that Mg°@BP can also be
synthesized via an MOCVD process.

4.3.4. Dynamic stability

The dynamic stability of the Mg"@BP sheets was confirmed from
phonon frequency calculations. We calculated the phonon frequency of
Mg"@BP for a doping concentration of 6.25%. The lattice dynamics of
the Mg"@BP sheets were examined from their respective phonon

dispersion plots (Fig. 4.21).
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Figure 4.21: (a) Phonon dispersion plot of Mg"@BP (6.25%) after 2™
soft mode relaxation, (b) - (c) optimized structures (Mg® @BP (6.25%))
corresponding to the maximum Mg vibration due to lattice dynamical
instability and (d) — (e) TDOS plots of the two structures. The Fermi
level is shifted to zero and is indicated by a blue dashed line.

We have found that Mg”@BP has an imaginary frequency (69.22 cm™)
for 6.25% doping concentration (Fig. 4.22a); thus, we further
investigated Mg’ @BP (6.25%) by relaxing the phonon soft mode and
calculating the phonon frequency. Interestingly, Mg’ @BP (6.25%)
shows small imaginary frequencies (37.97 cm™) after relaxing the
phonon soft mode (Fig. 4.22b). To analyze whether this instability of
the structure can affect the magnetic properties, we took two unstable
structures (4.21b-c) where the maximum vibration of Mg atom occurs
(corresponding to the maximum imaginary frequency) and investigated
their corresponding magnetic properties. We found that both of these
systems are magnetic, with total magnetic moments of 1.00 uB.
Further, we found from spin-polarized density of states calculations

that the systems also retain their half-metallic properties with a spin-up
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band gap of 0.43 eV (Fig. 4.21d-e). Therefore, due to lattice
instability, the spin-up band gap slightly changes from 0.44 eV to 0.43
eV.

~~1000
s 800

Figure 4.22: (a) Optimized structure and phonon dispersion plot of
Mg°@BP (6.25%), (b) Optimized structure and phonon dispersion plot
of Mg"@BP (6.25%) after 1% soft mode relaxation.

Since dynamic stability is highly crucial for experimental realization,
we have further relaxed the unstable modes in MgP@BP. Further
relaxation of the soft mode indicates that Mg"@BP has a very small
imaginary frequency (maximum 0.11 cm™) (Fig. 4.21a). To be very
specific, there are three acoustic modes which have imaginary
frequencies of 0.038i, 0.052i and 0.11i cm™, respectively. The modes
corresponding to the imaginary frequencies are very small; they can be
attributed to numerical noise of structural minimization, which is
inevitable when the minimization method DFPT is used to compute
phonons.

Apart from this, all three modes correspond to lattice translation
degrees of freedom without any abnormal starching or breaking of
bonds between atoms. Any non-trivial motion of atoms against each
other is an actual indication of an unstable mode [92]. However, the

two acoustic modes corresponding to the frequencies 0.038i and 0.052i
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cm™ arise due to in-plane (in x—y plane) lattice translations (Fig. 4.23a
and b), whereas the other acoustic mode corresponding to the

frequency 0.11i cm™ arises due to out-of-plane translation (Fig. 4.23c).

() (b)

Z
Figure 4.23: Displacement eigenvectors (indicated by blue arrows)
corresponding to the soft phonon mode with imaginary frequencies of
(a) 0.038i cm™, (b) 0.052i cm™ and (c) 0.11i cm™ of Mg"@BP
(6.25%). The light orange, pink and green atoms respectively denote
Mg, B and P.
These small translation modes are not sufficient for the lattice to
undergo structural phase transitions. These small imaginary modes due
to translation degrees of freedom can be stabilized using a proper
substrate. We believe that a substrate which interacts with Mg"@BP
through van der Waals interactions may stabilize these imaginary
modes without affecting the desired properties.
4.3.5. Thermal stability
The thermal stability of Mg°@BP (6.25%) was studied to determine
the possibility of inter-conversion of Mg’ @BP (6.25%) sheets to other
conformers. To check this for Mg"@BP (6.25%), AIMD simulations
were carried out on a 4 x 4 x 1 supercell (32 atoms) using an NVT
ensemble at 300 K and 500 K with a time step of 1 fs (femtosecond)
for 30 ps (picoseconds). We also found several earlier reports that
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considered 32 atoms [93], 34 atoms [94] and 24 atoms [63] for AIMD
simulations. Hence, we assumed that a 32-atom system would be
sufficient for AIMD simulations. Room temperature AIMD
simulations showed no possibility of inter-conversion of the optimized
structure. No structural deformation was observed for the 300 K and
500 K simulations (Fig. 4.24). Thus, it can be concluded that Mg" @BP
(6.25%) is thermally stable up to 500 K temperature with a very low
energy fluctuation.
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Figure 4.24: Total energy fluctuations of the AIMD simulation of
Mg @BP (6.25%) at (a) 300 K, (b) 500 K. (c) Tensile strain vs. stress
plot for Mg"@BP (6.25%). (d) Strain energy vs. applied strain plot for
MgP@BP (6.25%).

4.3.6. Mechanical stability and mechanical properties of Mg"@BP
(6.25%0)

Strain technology is essential to estimate and understand the
fundamental nature of the chemical bonding, the effects of lattice
distortion on the structural stability and the elastic limit of a single-
layered system because a material must sustain strain during synthesis
and any practical applications. Application of strain can also alter the
electronic and magnetic properties of a material. Hence, we performed
a systematic analysis of the mechanical stability of Mg @BP (6.25%)
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by applying ideal equi-biaxial tensile strain or equi-biaxial
compressive strain and uniaxial tensile or compressive strain to
understand the strain sustainability and the electronic and magnetic
properties of Mg"@BP (6.25%). Tensile strain was applied by
gradually increasing the lattice parameters and compressive strain was
applied by gradually reducing the lattice parameters. The percentage

(%) of applied strain can be calculated as follows [95]

7% % 100 (4.8)

a

Here ‘a’ and ‘a,’ are the lattice constants of Mg"@BP (6.25%) sheet

% of strain =

before and after the strain.

The effects of uniaxial and biaxial strains for Mg"@BP (6.25%) are
examined on a supercell (4x4x1) of 32 atoms. Atomic positions are
relaxed until the forces on each atom are less than 107 eV A™. Elastic
limit is calculated from the stress-strain curve under the tensile stretch
(Fig. 4.24c) [96].

Further, the mechanical properties of the Mg"@BP (6.25%) sheet can
be calculated from the strain vs. strain energy plot (Fig. 4.24d). The
elastic energy (U/per unit cell) near the equilibrium position can be
calculated using the following formula:

U =2 Crigdy +5 Corely + Crabantyy + 2Caael, (4.9)
Here C;;, C,, , C,, and C,, are the linear elastic constants, whereas
the &, ,&,, and &, are the in plane stress along x , y and xy
directions (according to vigot notation) [97] respectively. The value of
elastic constants can be calculated from the polynomial fitting of strain
vs energy plot [97-99]. The main criteria for mechanical stability are
are C;; > C;, and C,4 > 0. Young’s modulus (Y) is calculated using
the following formula [93, 100].

2 2
y = (i) (4.10)

Our calculation shows that an Mg"@BP (6.25%) sheet can sustain a
maximum equi-biaxial strain of 15% with a maximum stress of 3.77
GPa as well as a maximum uniaxial strain of 13% with a maximum
stress of 2.21 GPa (Fig. 4.24). Hence, the elastic limit of Mg"@BP
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(6.25%) is similar to those of previously reported TM free magnetic
systems, such as Cno@gh-C3N4 (maximum uniaxial strain 15%, biaxial
strain 14%) [24], and slightly lower than those of the Cz@h-BN
(maximum uniaxial strain 13%, biaxial strain 14%) [28] systems. We
calculated the mechanical properties of Mg"@BP (6.25%) by
calculating Young’s modulus. From our calculations, we found that the
elastic constants of Mg"@BP (6.25%) are Cy; = 66.81 N m™, Cy, =
17.01 N m™ and C44 = 41.88 N m™. Thus, Mg"@BP (6.25%) satisfies
all stability criteria (such as Cy; > |Cy5| and Cy4 = 41.88 > 0) to be
mechanically stable. Although our calculated Young’s modulus value
(62.48 N m™) for Mg"@BP (6.25%) is much lower than that of the
pure BP system (135.6 N m™) [66], it is very comparable with that of
silicene (62 N m™) [93].

4.4. Conclusion

A thorough investigation has been conducted based on second and
third row main group element-doped BP ML systems using density
functional theory (DFT) for possible spintronics applications. We have
found that only Li, Na, Mg and Be substitution at the P-site and Na
substitution at the B-site show magnetism in the BP systems. Amongst
these, only Na®@BP, Be’@BP and Mg"@BP were found to be
strongly half-metallic in nature. Due to the high formation energy of
the Na®@BP system, our study mainly focused on Be’@BP and
Mg"@BP; we found that single Be and Mg-doped BP monolayers
induce local spin states, leading to a magnetic moment of 1.00 uB,
which is distributed in the Mg-B3 and Be-B3 units. We have also
reported long range ferromagnetic (FM) coupling (> 12 A) between the
two magnetic units (Mg-B3) protected by AFM coupling at close
proximity (<12 A). Hence, this long range ferromagnetism coupling is
indisputably not arising from clustering, which is very promising for
next generation spintronics. Stability analysis shows that Mg-doped BP
systems show excellent dynamical, thermal and mechanical properties.
The Mg’@BP system exhibits a strikingly high Curie temperature (T¢

= ~ 494 K) amongst the contemporary main group-based 2D materials
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studied to date. Therefore, this material with long range FM coupling

and a high Curie temperature is very promising for spintronics devices.

Note: This is copyrighted material from Royal Society of Chemistry,
Phys. Chem. Chem. Phys., 2018, 20, 22877-22889 (DOI:
10.1039/c8cp03440Kk).
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5.1. Introduction

In recent times, spintronics has gained enormous interests due to its
advantage in transport properties, power consumption, and high dense
memory circuits [1]. More specifically, developing materials with
well-arranged spin structure and 100% spin polarization has become a
fundamental concern in spintronics industry. Such 100% spin-
polarization can occur in a special type of material named as half-metal
due to the coexistence of the metallic nature for one spin orientation
and semiconducting/insulating nature for the other spin orientation.
Therefore, the importance of half-metals [2] for their potential use in
spintronics device has been enlarged significantly and considerable
effort has been made to search and develop for new half-metallic
materials. Researchers have recently started to focus on main group-
based systems because of their weak spin-orbit coupling which results
in longer spin relaxation time and spin scattering length compared to
metal-based systems [2-3].

On the other side, one-dimensional nanostructure based materials, such
as nanowires, nanotubes, and nanoribbons have drawn substantial
attention lately due to their interesting electronic, physical and
chemical properties [4]. Besides, their properties are extremely
sensitive to their compositions [4], and geometrical structures which
results in a wide range of applicability in the domain of sensors,
transistors and optoelectronics [5]. Therefore, it will be thought-
provoking to explore the domain of spintronics with 1-D system such
as nanoribbon based materials.

Magnetism, half-metallicity, and spin transport are most important
properties for spintronics which have already been evidenced in
graphene nanoribbon (GNR) by various contemporary theoretical
researches [6-8]. Although GNR can be synthesized both by top-down
(via lithography) and bottom-up (via epitaxial growth) approach [9],
several problems may arise during fabrication as reported by Xu and
co-workers [10]. It has been reported that compared to conventional
E-beam lithography (EBL), inorganic nanowire (INW) lithography can
produce GNRs with smoother edges and INWSs are perfect etch masks
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for the production of narrow GNRs with smooth edges [10]. However,
precise alignment of INWs on a large area remains a problem [10]. On
the other hand, with the recent advancement of technologies, 1D based
nanostructures can be experimentally realizable by assembling simple
molecular segments [11].

Porphyrin molecules and its derivatives have been considered as a
potential candidate for molecular devices due to their unique electronic
structures and interesting properties such as long-range electron
tunnelling [12]. Interestingly, charge transport properties of many
porphyrin-based prototype devices have been studied theoretically and
some fascinating properties, such as field effect characteristics, current
switching, and current rectification have also been reported [12].
Moreover, Cho and co-workers reported that porphyrin based one
dimensional array can be fabricated by simple synthetic method [13].
For example, Zn based porphyrin array has already been
experimentally synthesized and characterized by Osuka and co-
workers [14-15]. Therefore, these previous reports open up a new
possibility to realize a 1-D nanostructure assembling C=C embedded
porphyrin unit via bottom-up approach since C=C embedded porphyrin
unit has already been experimentally synthesized [16]. Here in this
context, we would like to mention that, recently in 2015, a new C=C
embedded porphyrin monolayer has been proposed theoretically and
reported to be thermodynamically stable [17]. Hence, C=C embedded
porphyrin 1-D nanodevice may be realized experimentally in near
future. In addition to that, this C=C embedded porphyrin nanoribbon
could be the first metal free spintronic device because all the other
porphyrin-based spintronic devices reported till date [12-13], are based
on metal (Mn, Cr) embedded porphyrin units.

This idea motivated us whether magnetism and half-metallicity can be
evidenced in metal-free C=C embedded porphyrin nanoribbon/array
structures and can be utilized in molecular spintronics device.
Fascinatingly, we have found some previous reports where the
researchers have investigated the possibility of synthesis of porphyrin
complexes with smaller atoms particularly boron and carbon [16].
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Specifically experimental investigation of some boron porphyrin
complex containing B-B unit have been carried out such as unexpected
formation of diborane from diborylporphyrin, synthesis of diboryl and
diboranyl porphyrin complexes and synthesis of porphyrin complexes
containing coordinated B-O-B groups [18-21]. Hence, it will be very
motivating to investigate porphyrin nanostructure containing two
centrally coordinated hetero atoms (carbon-boron) due to the novelty
of such porphyrin unit. Moreover, replacing single carbon with boron
among the two centrally coordinated carbons (-C=C-) may induce
magnetism due to hole doping [2]. Here, in this work, we have
investigated C=C embedded porphyrin nanoribbon/array for possible
spintronics application via hole doping. Such hole doping can be
achieved by substituting B and Al with one C atom in the C=C bond
which can introduce magnetism in porphyrin-based nanoribbon/array.
Thereafter, we have performed spin-polarized DFT calculations to
predict the magnetism and half-metallicity in B and Al-doped
porphyrin nanoribbon systems. Hereafter, porphyrin nanoribbon will
be refereed as porphyrin array (PA). The detailed analysis of the origin
of the magnetism and half-metallicity has been analyzed from the spin-
polarized projected densities of states. Furthermore, the type of
magnetism/magnetic exchange is also investigated for porphyrin array
based systems. Additionally, our best system has been implemented in
a molecular spintronic device where porphyrin molecular unit is placed
between two Au (111) electrodes and spin-resolved electron transport
properties and current-voltage (I-V) characteristics has been analyzed
from the transmission function and non-equilibrium Green’s function
(NEGF) within DFT approach [22-27].

5.2. Computational Methods

Spin-polarized density functional theory (DFT) calculations have been
carried out for all the structures using projected augmented wave
(PAW) pseudopotential method [28-29] as implemented in the Vienna
ab initio Simulation Package (VASP) code [29]. We have used
generalized gradient approximation (GGA) for describing accurately
the electron-electron exchange and correlation energies of delocalized
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s and p electrons using the Perdew—Burke—Ernzerhof (PBE) functional
[30-31]. The plane wave basis set with cut-off energy of 480 eV is
used for describing the electron wave function. We have achieved self-
consistency in all our calculations by setting the convergence tolerance
to 10 ® eV/ A for the total energy calculations. We have also relaxed
both the lattice parameters and atomic positions until the
Hellman—Feynman forces per atom are less than 0.005 eV/A. The
models of porphyrin arrays are constructed by cutting the C=C
embedded porphyrin monolayer along a and b directions. The one-
dimensional periodic boundary condition is applied along the
nanoribbon axis and 15 A vacuum spaces have been used along the
two non-periodic directions to circumvent any interactions between

periodic images.

Basically nanoribbons have dangling bonds at their edges which
provide active sites for chemical bonding. Therefore, the nanoribbons
are suitable for chemical modification [32]. Besides, the unique
electronic  properties  (metallic/semiconducting/insulating)  and
magnetic properties (ferromagnetic/antiferromagnetic/half-metallic) of
the nanoribbons are associated with their edge states, thus edge
modification can drastically control electronic and magnetic properties
of the nanoribbons [32]. In recent times, hydrogen and halogens were
considered for edge functionalization of graphene and other
nanoribbons to improve the stability of nanoribbon structure and to
alter their electronic and magnetic properties [33-34]. Therefore, based
on the earlier reports, we have considered hydrogen (H) and fluorine
(F) for functionalization of our porphyrin array structures. The
optimized lattice parameters of hydrogen (H) and fluorine (F)
terminated arrays along a are (@ = 841 A) and (a = 8.43 A)
respectively. Similarly, we have observed lattice parameters of (b =
8.07 A) and (b = 8.12 A) for hydrogen (H) and fluorine (F) terminated
arrays along b respectively. For geometry optimization, the first
Brillouin zone of the unit cells of arrays periodic along ‘@’ and ‘b’

directions are sampled by I" centred 13 x 1 x 1 and 1 x 13 x 1 K-point
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grids respectively. Further to this, for calculating their electronics
properties, the Brillouin zones were sampled by 27 x 1 x 1 and 1 x 27
x 1 T" centred K-point grids for the systems periodic along ‘a’ and ‘b’
direction respectively. We have doped single boron/aluminium atom
(B/Al) at C-site of the C=C unit in the porphyrin array. The Bader
charge analysis was performed using the Henkelman program [35-38]
with a near-grid algorithm edge-refinement method to analyze the
charge transfer process.

Energetic stability of B/Al doped H-terminated and F-terminated C=C
embedded porphyrin nanoribbon are investigated from formation
energy (Er) calculation. The formation energy is calculated using the

following equation [2]

Er = (EB/AZ@Porphyrin—NR - EPorphyrin—NR)
—(MB/a1(Buii) — Me@uir)) (5.1)

Where Eg;s@porphyrin-ng 1S the total energy of B/Al doped C=C
embedded porphyrin nanoribbon, Epyrpnyrin-nr IS the total energy of
pure C=C embedded porphyrin nanoribbon,  pg/aiguk) is the
chemical potential of B/Al atom from its bulk from a-rhombohedral
boron/aluminium bulk BCC structure [39, 40] and pcpui) is the
chemical potential of C atom from graphene structure [41].

Magnetic anisotropic energy (MAE) [1] is also calculated for our best
system B doped C=C embedded porphyrin nanoribbon unit, i.e.
B@(C = C)F — PA system to investigate the thermal stability of spin
fluctuation upon external thermal energy. MAE [42] per unitcell is
calculated including spin-orbit coupling (SOC) effect using the
equation described below where Eg,4 is the energy of the system along
easy axis when an external magnetic field is applied and Ey, is the
energy of the system along hard axis under application of magnetic
field. We have considered our calculation along magnetizing direction
(100), (010), (110), (111) and (001).

MAE = EHA - EEA (52)
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Additionally, to comprehend the nature of electron spin density in B
doped C=C embedded porphyrin monolayer; the spin density
distribution (SDD) [43] is plotted. The SDD is calculated using the
following equation

Psp = Pup — Pdown (5-3)

Here, the up and down electron spin density are denoted as p,,;, and
Paown, respectively. In the SDD, the up spin density of wave functions
for different lobes are indicated by yellow colours and the down spin
density of wave functions for different lobes are indicated by blue
colours. The direct mapping of the electron spin density is measured
experimentally by the neutron diffraction in electron spin resonance
(ESR) spectroscopy.

Dynamic stability of our proposed system B@(C = C); — PA is
investigated from phonon frequency and phonon dispersion
calculations. The phonon frequency calculations were performed using
the density functional perturbation theory (DFPT) [44] as implemented
in VASP, and phonon dispersion calculations were carried out using
Phonopy code [45]. Furthermore, thermal stability of B@(C = C)% —
PA system was verified by carrying out ab initio molecular dynamics
simulations (AIMD) using a canonical ensemble at 300 K with a time
step of 1 fs for 20 ps. The Nose” thermostat model was used to control

the temperature throughout the MD simulations [46].

Moreover, we have modelled porphyrin-based nano-device for spin-
filtering application where porphyrin array based unit was used as
scattering region. We have used gold (Au (111)) nanowires as
electrodes and central scattering region. After relaxation, thiol (-SH)
groups are deprotonated and covalently connected to gold (Au) contact
in the “atop” position. The Au-S bond distances are fixed at ~2.32 A,
and the Au contacts are modelled according to the Au nano-contact
geometry [22]. We have used here the optimized structures of pure
[(C =C)F —PA, (n=1)] and B doped C=C embedded porphyrin
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[B@(C = C)E — PA, (n =1,2)] with edges terminated with fluorine
(F) as our scattering region. Each Au unit cell has two sublayers of
either three or seven Au atoms with periodic boundary conditions
along the z-direction (transport direction). An extra seven-atom layer is
inserted between the right electrode and the molecule to ensure the
same attachment of the molecule to the left and right electrodes. We
have used here the optimized structures of pure [(C = C)f —
PA, (n=1)] and B doped C=C embedded porphyrin [B@(C =
C)F — PA, (n =1, 2)] with edges terminated with fluorine (F) to
model the metal-molecule-metal nanoscale devices. The proposed
system is divided into three parts: left (L), right (R), and a central
scattering region as shown in Fig. 5.1. Transport properties are
computed by using the extended three-system model (Fig. 5.1). First
principles DFT calculations are performed employing the SIESTA
(Spanish Initiative for Electronic Simulations with Thousands of
Atoms) code [23] within the generalized gradient approbation (GGA)
with the Perdew, Burke, and Ernzerhof (PBE) functional for
geometrical relaxation [30]. Norm-conserved Troullier-Martins
pseudopotentials [47] are employed to describe the interaction between
the core and valence electrons. The energy cut off for the real space
grid is 150 Ry. To sample the Brillouin zone integration, we employed
the gamma point sampling for the extended molecular region and a 1 x
1 x 50 within the Monkhorst-Pack scheme for electrodes with a
double-{ polarized basis set. The systems are fully relaxed by
employing the conjugate gradient (CG) algorithm. The tolerance in
density matrix difference is 0.0001 and the residual forces on the atoms
are less than 0.01 eV/A. The transmission function and I-V
characteristics curves are computed within the framework of the
Landauer-Buttiker methodology [48-50] by using the NEGF+DFT
approach as implemented in TranSIESTA module of SIESTA code
[23].
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Figure 5.1: Schematic illustration of the proposed molecular nanoscale
devices containing: (@) [(C =C)f —PA, (n=1)], (b) [B@(C =
O)F —PA, (n=1)],and (c) [B@(C = C)f — PA,, (n = 2)] units.

The transmission function, which defines the possibility of an electron
to be transmitted from left electrode to right electrode through the
central scattering region with specific energy (E), has been calculated
form the given equation: [23, 51]

T(E,V) = tr[Ir(E, V)G (E,VIIL(E, V)G, (E, V)] (5.1)

Where G is the Green’s function of the central scattering region and is
the coupling matrix of L/R electrodes. Further, the integration of
transmission function provides the electric current as by given
equation: [23, 51]

2

1V,) =57 [, S T(E, V) [f(E — ) = f(E — up)ldE (5.2)

Where T(E,V,) is to represent the transmission spectrum of the
electrons entering at energy (E) from L to R electrode in presence of an
applied finite bias voltage V;,, f(E — pygr) is showing the Fermi-Dirac
distribution of electrons in the L and R electrodes and pp g the
chemical  potential where g =ErxV,/2 are moved
correspondingly up and down according to the Fermi energy Er [23,
51].
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5.3. Results and Discussion:

5.3.1. C=C embedded porphyrin MLs/PAs:

Our methodical study begins with the C=C embedded porphyrin
monolayer and its geometric optimization. The C=C embedded
porphyrin monolayer consists of 22 C atoms and 4 N atoms in its unit
cell. This unit cell contains two covalently bonded (m-overlapping)
C=C unit, which covalently bonded with four N atoms surrounding to
it. The optimized lattice parameters of the rectangular unit cell are
found as 8.52 A and 8.11 A which match with an earlier theoretical
report (8.53 A and 8.11 A) [17]. The of C-C bond length of the C=C
unit in the monolayer is computed as 1.39 A which is slightly higher
than the previously reported theoretical value of 1.38 A in (C=C)tetra-
p-tolylporphyrin  system (calculated by B3LYP/6-31G(d)) and
experimental value of 1.35 A [16] and this could be due to the
enlargement of C=C bond because of the periodic arrangement in the
monolayer [17].
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Figure 5.2: (a) Top view of C=C embedded porphyrin monolayer
with unit cell showing in the red dotted line, (b) Electron localization
function (ELF; maximum saturation level 0.8 e A3 minimum
saturation level 0.0 A®), (c)-(e) Spin-polarized density of states and
bandstructure of C=C embedded porphyrin monolayer calculated by
GGA-PBE, (f) Spin-polarized density of states of C=C embedded
porphyrin monolayer calculated by HSEQ6.
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The spin-polarized density of states and band structure (GGA-PBE) of
this monolayer exhibits a band gap of 0.76 eV (Fig. 5.2). The pattern
of spin-polarized bandstructure (GGA-PBE) also matches with the
previously reported bandstructure (HSEO06). Further to this, we have
also calculated the electronic properties such as density of states (DOS)
using HSEO06 functional [52]. The calculated value of band gap using
HSEQ06 (1.27 eV) also matches with earlier theoretical reports (1.14
eV). The contour electron localization function (ELF) plot (Fig. 5.2)
shows a strong covalent character of C-N and C-C bond. Furthermore,
H- and F-functionalized porphyrin arrays are investigated for their
possible magnetic properties. It has been observed that none of the
functionalized arrays exhibits magnetic properties due to their

symmetric spin-polarized density of states (Fig. 5.3).

Periodic along ‘b’
—_—
0—=00—0-0-0—00—0

10 T 10 10 T 10

- —o | B 0
5{ —Down |! 5 H — Down| 5 Down)

-1 : -10 i 10 : 1
0.0 - 5050 050 025_000 025 050 (.50 - S0 025 000 025 050
S0 025, 000,025 050 e 050 029 00, 035 0.560 MM

n

=
=

TDOS (States/eV)

n
= tn

5
0

-5
0
0.

Figure 5.3: Optimized structures and spin-polarized density of states
of (@) (C=C)—PA,(b) (C=0C)—-PA,(c) (C=C) —PA and
(d) (C =C)5 —PA systems. The Fermi level is set to zero and is
indicated by a blue dashed line. The C, N, H and F atoms are denoted
by brown, blue, white and light gray colours.

Hereafter, H-terminated and F-terminated array along a will be
referred to as (C =C)? —PA and (C =C)5 —PA respectively.
Similarly, H-terminated and F-terminated array along b will be referred
as (C=0)"—PA and (C=C)5—PA respectively. Here, ‘PA’

represents porphyrin array. The best system among these four systems
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is considered for spin-filtering device which is analyzed further in
section 5.3.8 and 5.39.

5.3.2. Introduction of magnetism and half-metallicity in C=C
embedded PA:

Our spin-polarized calculations reveal that undoped C=C embedded
PAs are non-magnetic. Thus, we attempt to design a novel metal free
porphyrin array with two hetero atoms (C and B) embedded porphyrin
array rather than one single atom embedded system. For this, we have
substituted one carbon atom with boron among the two carbon in C=C
unit and further investigated the possibility of magnetism and half-
metallicity. Although the porphyrin unit containing C-B unit in its
centre has not been synthesized yet, porphyrin unit with C=C in its
centre has been synthesized [16], and it is also reported that boron is
one of the atoms that can replace carbon from its lattice very efficiently
[53]. Therefore, it will be very fascinating to investigate the electronic
and magnetic properties of C-B contained porphyrin nanostructures.
The possible method regarding synthesization of B doped C=C
embedded porphyrin array has been discussed in section 5.3.5.

First, we have performed B doping in C=C embedded porphyrin unit
for all the arrays as we believe the doping of B at C-site may introduce
magnetism in the nanostructure. Hereafter, B doped various PAs will
be referred as @(C =C)4 —PA , B@(C =C)f —PA , B@(C =
C) — PA and B@(C = C)§ — PA and these B-doped nanostructures
exhibit magnetism with magnetic moments of 0.4126 uB, 1.00 uB,
1.00 uB and 1.00 uB respectively. The spin polarized density of states
(Fig. 5.4 & 5.5) show that only B@(C = C)f — PA, B@(C = C)¥ -
PA hold half-metallicity. The respective spin densities are shown in
Fig. 5.6. Spin-polarized density of states and magnified density of
states of B@(C = C)¥ — PA and B@(C = C)5 — PA indicates (Fig.
5.5) that only B@(C = C)¥ — PA is half-metallic in nature. However,
B@(C = C)f — PA has more robust half-metallicity (spin-down gap
0.37 eV; Fig. 5.4) than that of B@(C = C)¥ — PA (spin-up gap 0.21
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eV).Therefore, we have mainly concentrated on B@(C = C)f — PA

system for our detailed study among all the B doped arrays.
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Figure 5.4: Optimized structures and spin-polarized density of states
of (a) B@(C = C)¥ — PA and (b) B@(C = C)f — PA systems along
with the magnified spin-polarized density of states (in the inset) around
the Fermi level. The Fermi level is set to zero and is indicated by a
blue dashed line. The B, C, N, H and F atoms are denoted by green,
brown, blue, white and light gray colours.

Now, further we have analysed the probable reason of observing half-
metallicity only in fluorinated nanoribbon rather than hydrogenated
one. Although both of the undoped porphyrin array (C = €)% — PA
and (C = C)F — PA systems are semiconducting with a similar density
of states (DOS) pattern (Fig. 5.3a-b), doping B atom replacing C atom
results introduction of half-metallicity only in B@(C = C)f — PA
system. To analyze the origin of half-metallicity in B@(C = C)f — PA
system, we have plotted the partial density of states for both the two
systems B@(C = C)? — PA and B@(C = C)5 — PA (Fig. 5.7).
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C)5 — PA systems. The Fermi level is set to zero and is indicated by a
blue dashed line. The B, C, N, H and F atoms are denoted by green,

brown, blue, white and light gray colours.
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Figure 5.6: Spin density distribution of (a) B@(C = C)? — PA , (b)
B@(C =C)f —PA, (c) B@(C = C)¥ —PA and (d) B@(C = C)% —
PA systems.

B doping in (C = C)¥ — PA destabilizes both the spin-up and spin-
down states near the Fermi level, thus introduces metallic nature in the
system.  However, B doping in (C = C)§ —PA system only
destabilizes only the spin-up states, while stabilizes the spin-down

states leading to half-metallicity in B@(C = C)f — PA system.
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Figure 5.7: Total and partial density of states of (a) (C = C)¥ — PA,
(b) B@(C = €)% — PA and (c) magnified partial density of states of
B@(C = C)H — PA system. Total and partial density of states of (d)
(C=0)F—-PA , (e) B@(C =C)f—PA and (f) magnified partial
density of states of B@(C = C)f — PA system. The Fermi level is set

to zero and is indicated by a blue dashed line.

Similar to single B-doped nanoribbons, we have also investigated
single Al-doped nanoribbons as well as porphyrin nanoribbons
containing B-B unit in its centre. We have found that single Al-doped
nanoribbon systems [Al@(C = C)f —PA , Al@(C = C)E —PA
Al@(C =0 -PA and (b) Al@(C = C)5 — PA] also exhibits
magnetism with magnetic moments of 0.0085 uB, 1.00 uB, 1.00 uB
and 0.2077 uB respectively. Spin polarized density of states and spin
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density distribution of Al-doped systems are shown in Fig. 5.8 and Fig.
5.9 which indicates that, none of the Al-doped nanoribbons holds half-
metallic characteristics except Al@(C = C)¥ — PA (Fig. 5.8).
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Figure 5.8: Optimized structures, spin polarized density of states and
magnified spin polarized density of states (third panel) of (a)
Al@(C =0 -PA, (b) Al@(C =C);—PA, (c) Al@(C =) -
PA and (d) Al@(C = C)5 — PA systems. The Fermi level is set to
zero and is indicated by a blue dashed line. The Al, C, N, H and F
atoms are denoted by sky blue, brown, blue, white and light gray

colors.
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Figure 5.9: Spin density distribution of (a) Al@(C = C)% — PA , (b)
Al@(C=0)F —PA , (c) Al@(C=C) —PA and (d) Al@(C =
C)h — PA systems.

However, Al@(C = C)} — PA shows very weak half-metallicity (spin-
up gap: 0.064 eV) compared to B@(C = C)5 — PA system (spin down
gap 0.37 eV).

Furthermore, our spin-polarized calculation reveals that porphyrin
nanoribbon with B-B unit in its centre does not exhibit half-metallicity
(Fig. 5.10). However, only (B—B)f —PA and (B - B)f —PA
systems exhibits magnetism with total magnetic moment of 0.307 and
1.0769 uB. Spin density distributions of porphyrin nanoribbon
containing B-B unit have been incorporated in the Fig. 5.11.
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Figure 5.10: Optimized structures, spin polarized density of states and
magnified spin polarized density of states (third panel) of (a) (B —
B —pPA, () (B—B)Y—PA,(c) (B—B)¥ —PA and (d) (B —
B)5 — PA systems. The Fermi level is set to zero and is indicated by a
blue dashed line. The B, C, N, H and F atoms are denoted by green,
brown, blue, white and light gray colours.

Moreover, we have also tried to achieve magnetism and half-

metallicity in C=C embedded porphyrin unit based monolayer system
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with elemental doping (B, Al, B-B). However, all these systems are
found to be non-magnetic (Fig. 5.12) and thus we have not discussed

much detail about these systems.
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Figure 5.11: Spin density distribution of (a) (B —B)? —PA , (b)
(B—B): —PA,(c) (B—B)! —PA and (d) (B — B) — PA systems.
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Figure 5.12: Optimized structures and spin polarized density of states
of (a) B doped, (b) Al doped, and (c) two B doped C=C embedded
porphyrin monolayer systems (unit cell is shown in the red dotted line).

5.3.3. Energetic stability of B and Al-doped C=C embedded PA:
Our stability analysis of the nanostructures begins with energetic
stability analysis. To evaluate the stability of these systems we have

calculated formation energy values of these doped systems. The
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formation energy values of B and Al-doped systems are given in Table
5.1 where nature of the systems are indicated as M (Metallic), SHM
(Strong Half-metallic), WHF (Weak Half-metallic) and S
(Semiconducting). It has been found that the formation energies of the
B-doped nanoribbon systems are lower than the Al-doped nanoribbons.
A negative value of formation energies indicates that formations of B-
doped nanoribbons are thermodynamically favourable. Interestingly, it
has been also found that B-doped C3;N monolayer has negative
formation energy (-1.54 eV/atom) where C has been replaced by B
atoms similar to our case [54]. Moreover; the possibility of B-doping
in C-matrix has also been discussed in earlier experimental reports [54-
55]. Among all the B doped arrays, B@(C = C)5 — PA has half-
metallic character and formation energy of -2.59 eV/atom. Therefore
we can also conclude the possibility of realization of our proposed
B@(C = C)f — PA structure.

Table 5.1: Formation energies per dopant (Eg), magnetic moments per
dopant (uB), nature of the system and spin gap (eV) for the B and Al
doped C=C embedded PA

System Er Magnetic | Nature | Spin Gap
(eV/atom) | moment eV)
(1B)
B@(C =C)Y — PA -2.50 0.4126 M 0
B@(C =0)f —PA -2.59 1.0000 SHM 0.37
B@(C =C)¥ —PA -2.84 1.0000 WHM 0.21
B@(C = ) — PA -2.97 1.0000 S -
Al@(C =) —PA 3.11 0.0085 M 0
Al@(C = C0)F — PA 2.82 1.0000 S -
Al@(C = O) — pA 3.05 1.0000 WHM 0.06
Al@(C = O)F — PA 2.92 0.2077 S -

5.3.4. Dynamic and thermal stability of B doped C=C embedded
PA:

Further to this, we have analyzed dynamic and thermal stability (Fig.
5.13) through phonon dispersion calculations and ab initio molecular
dynamics (AIMD) simulation, respectively. Phonon dispersion
calculation of B@(C = C)f — PA reveals that our system has small

imaginary frequencies. To be precise, there are three imaginary
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frequencies with the values of 0.15, 1.29 and 30.72 cm™ respectively.
Analysis of phonon frequency discloses that these imaginary modes do
not originate from any non-trivial motion of atoms against each other
rather the first two modes (0.15, 1.29 cm™) originate from pure
translational motion and the third mode (30.72 cm™) originates from
bending motions of a group of atoms (Fig. 5.13d-f). Moreover, we
have found that undoped fluorinated array also exhibits slight
imaginary frequencies (4.00 cm™) in its phonon dispersion plot (Fig.
5.14). Any non-trivial motion of atoms against each other is an actual
sign of unstable mode [56], thus it can be stated that our system
B@(C = C)f — PA is not dynamically unstable and it may be
stabilized after connecting to electrodes while making spin-filtering

device.

Total Energy (eV)
!

0 40‘00 Sﬂlllll IZI:IUU IﬁIIJOU 20600
Time (fs)

()

Figure 5.13: (a) Optimized structures, (b) phonon dispersion plot and
(c) total energy fluctuation of AIMD simulations of B@(C = C)f —
PA system. Displacement eigenvectors (indicated by blue arrows)
corresponding to the soft phonon mode with imaginary frequencies of
(d) 0.15 cm™, (e) 1.29 cm™ and (f) 30.72 cm™ of B@(C = C)E — PA
system.

Thermal stability of B@(C = C)f — PA is analyzed by ab initio
molecular dynamics (AIMD) simulation using an NVT ensemble at

300 K with a time step of 1 fs (femtosecond) for 20 ps (picoseconds).
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Room temperature AIMD simulation does not show any possibility of
inter-conversion of the optimized structure (Fig. 5.13c). Thus, it can be

stated that our system B@(C = C)f — PA is thermally stable.
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Figure 5.14: Optimized structure and phonon dispersion plot of
(C =C)F — PA system.

5.3.5. Possibility of an experiential realization of B doped C=C
embedded PA:

Elemental boron (B) and nitrogen (N) have already been attracted
researcher’s attention as dopant for graphene due to their similar
atomic radii like carbon (C) [54]. Boron doped graphene has been also
synthesized by several research groups using different approaches
[54]. Most widely used method for the synthesis of B doped graphene
is solid state reaction between graphite powder or GO and a boron
precursor mainly H3BOg3, B,O3 or B,C and subsequently exfoliation of
single B-G sheets [57-58]. B doped graphene nanoribbons have also
been synthesized experimentally by Kawai et al. [59] and Xing et al.
[60] using a separate method. Moreover, it is also mentioned that
porphyrin complexes with smaller atoms (like boron (B) and carbon-
carbon (C=C)) bonded to nitrogen (N) have been synthesized [16].

In recent past, Brothers et al. also explored experimental
synthesization of boron porphyrin complexes [61]. Therefore, we
believe that B doped C=C embedded porphyrin nanoribbon may be
synthesized in the near future.
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5.3.6. Introduction of magnetism in B doped C=C embedded PA:
To analyze the origin of magnetism, we have investigated spin density
distribution (Fig. 5.15a-c) as well as the density of states (Fig. 5.15d-f)
of B@(C = C)f — PA,, system, where ‘n’ is length of nanoribbon. We
have also increased the length of the nanoribbon withn =1, 2, and 3. It
has been observed that magnetic moments are distributed over all the
atoms in the nanoribbon/array (Fig. 5.15). Although local moment
magnetism has been studied and understood well, area of itinerant
moment magnetism along with half-metallic property has not been
gained progress so far compared to the earlier one [62].
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Figure 5.15: (a)-(c) Spin density distribution (SDD) of B@(C =
C)F — PA,, system (where n=1, 2, 3 respectively) and (d)-(f) total
density of states of B@(C = C)5 — PA,, system (where n=1, 2, 3
respectively).

Most of the practical system generally exhibits a behaviour which is
intermediate between local-itinerant moment extremes. In the local
moment magnetism, the magnetism is arising from partially-filled
electrons shells of ions, which can be understood by real-space
localized magnetic moments and fluctuations [62]. These collective
behaviours of local moments were accurately predicted by intra-atomic
exchange interaction [ along with a mean molecular field (introduced
by Weiss within the framework of Heisenberg model) which is
proportional to average magnetization M. Most of the magnetic

system fit well into this mean-field scenario; however, the remarkable
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deviation has been observed in itinerant magnetism (e.g. intermetallic
materials) due to the enhancement of interaction between conduction
electrons [62]. We have also observed a strong interaction between
conduction electrons in our system which drove the system into
itinerant magnetism. In this case of itinerant magnetism, I is regarded
as inter-atomic coupling constant and spontaneous splitting of energy
bands gives rise to the itinerant magnetic moment where moments and
fluctuation are localized in reciprocal space [62].

Itinerant magnetism was modelled by Stoner criterion [63], in which a
large density of states p(Er) arise at Fermi level (Ez) and large
coupling constant I is observed, which can predict the long-range
magnetic order below the ordering temperature. Our spin-density and
density of states suggest (Fig. 5.15) that our system also follows the
Stoner criterion of magnetism since it has a large density in the spin-up
channel at the Fermi level.

The strength of magnetism ( i.e how “strong” or “weak” the magnetism
is) is determined by the magnitude of the ny — n; difference. In our
system, we have already observed a large spin density difference from
the spin density distribution which is also supported by the total
density of states. In fact, all the conduction electrons in our systems
are coming from the spin-up states, thus introducing half-metallicity.
Hence, our system is a perfect example of strong itinerant
ferromagnetism (IFM). Even though the magnetic moment is
distributed in our system, partial magnetic moment and Bader charge
analysis reveals (Table 5.2) that the main contribution of magnetism is
coming from the carbon (C) and the two nitrogen atoms (N) bonded to
the boron atom (B). While TM metal based strong IFM system has
been reported earlier literature [64], very few metal free itinerant
ferromagnetic system has been reported so far [65]. Thus, half-metallic
B doped C=C embedded nanoribbon will be exciting for spintronics
application. Throughout our calculation, we have considered a simple
collinear model of magnetism in which the spin-component is

decomposed into two components such as spin-up and spin-down.
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However, in the presence of spin-orbit coupling (SOC), orientation
spin components cannot be simply treated as spin-up and spin-down.
Therefore, to further check the effect of spin-orbit coupling (SOC) for
our system, we have considered the SOC effect and calculated
magnetic anaisotropic energy (MAE) for our system. The small value
of magnetic anisotropy energy (0.05 peV) indicates (Table 5.3) very
weak spin-orbit coupling in our system which also confirms the long
spin-relaxation time for our system. Thus, it can be concluded that
collinear model of magnetism is sufficient to predict our system
correctly.

Table 5.2: Bader charge analysis of pure (C = C)5 — PA and B doped
B@(C =C)E —PA

Net Effective Charge in Net Effective Charge in
System (C = C)f — PA System B@(C = C)f — PA

C1=+0.6888Je|, N;=-1.1692]¢|, | C1;=-0.1022]e],  N;=-1.4814Je],
N,=-1.1836]¢| N,=-1.4729]|

Table 5.3: Summary of magnetic anisotropy energies in ueV/vacancy

and the easy axis for B@(C = €)% — PA system

B@(C = C)F — PA | Easy | (001)- | (010)- | (110)- | (111)-
Axis | (100) | (100) | (100) | (100)
(100)

0 0.04 0.03 0.05 0.02
peV pueV peV pueV

Curie temperature of any magnetic material is very important

parameter for its practical application. Thus, we have also calculated
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Curie temperature for our B@(C = C)5 — PA system. However,
Monte Carlo simulation based on local magnetiam model is not
appropriate for itinerant magnetic system [66]. Therefore we have
gradually increased the Gauss smearing factor to investigate the effect
of temperature (KgT) on magnetic moment of our system. Gauss
smearing factor is related to the temperature by the equation ¢ = KgT.
As the smearing factor increases, the temperature also increases, which
enhances the thermal excitation and thus eventually weaken the
magnetic moments. Therefore, at a certain temperature magnetic
moment becomes zero, results in the Curie transition. We have also
plotted (Fig. 5.16) the variation of magnetic moments with increasing
smearing factor (o). It has been observed from this plot that the
magnetic moment decreases from 0.6340 uB to 0.00 uB when the
smearing factor (o) increases from 0.05 to 0.06 respectively.
Therefore, the Curie temperature for our system B@(C = C)f — PA
may lie in between 580.23 K to 696.27 K. Therefore, our system can

be very useful for high temperature spintronics application.
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Figure 5.16: Variation of magnetic moments in B@(C = C)5 — PA
with increasing smearing factor (o).
5.3.7. Effect of strain on magnetism and half-metallicity in B doped
C=C embedded PA:
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Strain technology is very crucial to understand the fundamental nature
of the chemical bonding and the effects of lattice distortion on the
structural, electronics and magnetic properties since electronic and
magnetic properties can be altered with the application of strain.
Moreover, it is also important for any material to sustain strain because
synthesization of material for practical application generally introduces
stress in that material due to structural modification. It is also very vital
to analyze the effect of strain on magnetism and half-metallic
propertiess on B@(C = C)5 —PA for its practical application.
Therefore, we have applied both uniaxial tensile and compressive
strain ranging from 1% to 5% to scrutinize the nature of the system and

the modulation of the spin-up gap in B@(C = C)5 — PA system.
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Figure 5.17: (a)-(e) Optimized structure, spin density distribution and
TDOS plot of B@(C = C)5 — PA under the application of uniaxial
tensile strain from 1% to 5%.

It has been observed that our system only holds its half-metallic
characteristics under 2% and 3% uniaxial tensile strain. Under uniaxial
compressive strain, our system became semiconducting at lower % of
strain (1% - 2%), and then we observe a semiconducting to metallic

phase transition which continues up to 5% applied strain.
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Figure 5.18: (a)-(e) Optimized structure, spin density distribution and
TDOS plot of B@(C = C)E — PA under the application of uniaxial
compressive strain from 1% to 5%.

Spin gap of half-metallic systems has been tabulated in Table 5.4
where natures of the systems are indicated as M (Metallic), HM (Half-
metallic) and S (Semiconducting). We have also included the
optimized structure, spin density distribution and TDOS plot under the
application of strain from 1% to 5% in Fig. 5.17-5.18.

Table 5.4: Modulation of spin-up gap (eV) in and nature of the
B@(C = C)f — PA system with % of applied strain along uniaxial-

tensile and uniaxial-compressive direction

% of Uniaxial-tensile Uniaxial-compressive
applied
Strain
Spin-Up | Nature of | Spin-Up Nature of the
Gap (eV) the Gap (eV) system
system
1% - S - S
2% 0.355 HM - S
3% 0.347 HM - M
4% - S - M
5% - S - M

5.3.8. Spin transport in B doped C=C embedded PA:

Observing spin-polarized current in a metal-molecule-metal
nanodevice has always been an interesting topic in spintronics domain.
Therefore, we have modelled Au (111) — B@(C = C)f — PA,, —
Au(111) device using B doped C=C embedded porphyrin nanoribbon
[B@(C = C)f — PA,] and studied the spin-polarized transport
properties of our proposed nanoscale device. Primary modelling of our
nanodevice begins with pure C=C embedded porphyrin nanoribbon as
already shown in the section 5.2 (Fig. 5.1).

Spin polarized current of the device is analysed from (I —V)
characteristics using NEGF+DFT approach (Fig. 5.19) [67]. We have
gradually increased the length of the scattering region withn =1 and 2
and calculated current-voltage (I — V) characteristics for all the

devices considered here. Here, at each applied bias voltage, the spin-
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polarized current is determined self-consistently under the non-
equilibrium conditions. Spin-polarized current has been calculated for
all the devices up to 0.5 V. It can be seen (Fig. 5.19) that the I — V
curve for spin-up and spin-down channels shows the distinctive
properties. Form the Fig. 5.19a (I — V curve), we have not observed
much difference in magnitude of spin-up and spin-down current for
pure (C =C)EF —PA system. Surprisingly, the current magnitude
decreases for increasing bias voltage in the range of 0.3 to 0.5 V,
which implies that the NDR phenomenon appears. The NDR effect has
also been observed in several molecule systems [68-69]. This could be
because of the misalignment of electronic states between molecules
and electrodes. We find that for device the current values increases as

the voltage increase up to 0.3 V.
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Figure 5.19: (a) The metal-molecule-metal nanodevice consisting
C=C embedded porphyrin and its spin-polarized current-voltage
pattern with applied bias voltages up to 0.5 V, (b)-(c) The metal-
molecule-metal nanodevices consisting B doped C=C embedded
porphyrin B@(C = C)f — PA,, with increasing length (n=1, and 2)
and their spin-polarized I — V curves for the corresponding device.

After that, there is a rapid drop in the magnitude of the current (Fig.
5.19a) is observed. To understand this, we have plotted the
transmission spectra (Fig. 5.20) at different bias voltages. We have
found that, at 0.3 V bias, there is a rise in the spin-up and spin-down
transmission peaks, whereas, at 0.4 V bias, there is a drop in the
transmission spectra for both the spins. This is very much consistent
with our NDR effect from the I-V curve. This could be due to the

discreteness in the molecule energy level close to Fermi-energy. When
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the bias voltage changes, a mismatch in the molecular state alignment

occur, this corresponds to the drop in the current magnitude.
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Figure 5.20: A comparison of the transmission spectra for the system
(C = C)F — PA computed at different bias voltages ranging from 0.3
t00.4 V.

We have observed a large difference in magnitude of current (around 2
order of magnitude) between spin-up and spin-down has been observed
for the device B@(C = C)f — PA,, (n=1) (Fig. 5.19b) due to its half-
metallic nature. Likewise, in the case of B@(C = C)f — PA,, (n=2),
we see that the I — V' curves for the spin-up and spin-down display the
dramatically distinct properties (Fig. 5.19c). The current magnitude
through spin-up is significantly larger than that of the spin-down. Thus,
this nanodevice with interesting properties has ample applications in

future molecular spintronic nanodevices.

5.3.9. Spin filtering efficiency (SFE):

We have calculated the Spin Filtering Efficiency (SFE) at different
biases as shown in Fig. 5.21. The SFE is calculated by employing the
following equation SFE = |I,, — lgownl/|lup + laownl, Where L, and
laown are current in spin-up and spin-down channels, respectively. It is

presented as a percentage in Fig. 5.21. We have observed that the
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B@(C = C)E — PA,, system shows higher spin filtering efficiency
compared to the pure (C = C)f — PA, (n=1) device. The B doped
C=C embedded porphyrin nanoribbon has an effect on the states close
to Fermi-energy and hence enhances the spin filtering property. The
effect of spin filtering reaches about 69% for (C = C)f — PA,, (n=1),
even reaches 98% for B@(C = C)5 — PA,, (n=1) and 78% for
B@(C = C)f — PA,, (n=2). Our result demonstrates a perfect spin
filtering effect for B@(C = C)f — PA,, (n=1), for example, only one
spin state allows electron flowing through the device, whereas another
spin state electron is forbidden. Therefore, our device can be very

useful for molecular spintronics application.
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Figure 5.21: Spin filtering efficiency as function of the bias voltage

for all the nanoscale devices.

5.4. Conclusion

In conclusion, we propose a novel molecular spintronics device for
spin-filtering application based on metal free C=C embedded
porphyrin unit using first-principles DFT + NEGF calculations. Single
B doping in C=C embedded porphyrin array based system (B@(C =
C)F — PA,) exhibits half-metallic property which is very important for
such device. Magnetism and half-metallicity originates due to hole

doping approach. Interestingly our system shows itinerant magnetism
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with strong coupling between conducting electrons. Moreover, the
Curie temperature for our system is found to be very high (580.23 K to
696.27 K) which indicates that this device could perform above room
temperature. Further to this, the calculated negative formation energy
(-2.59 eV) also indicates the possibility of experimental realization of
such system. In addition to that, our system is also found to be
dynamically and thermally stable. The high spin-filtering efficiency
(98%) indicates that our proposed device can be very useful for high

temperature molecular spintronics application.
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6.1. Scope of Future Work

This present doctoral thesis deals with designing of main group based
low dimensional (2D and 1D) half-metallic materials for spintronics
applications. Moreover, it explains the effect of hole doping (both
defect and doping induced) on magnetism and half-metallicity. In
addition to that, a detailed investigation has been carried out to find out
magnetic ground state and magnetic anisotropy of such low
dimensional materials. Calculation of Curie temperature of these
ferromagnetic systems has been investigated using Heisenberg model,
Ising model and XY model depending on the strength of magnetic
anisotropy energy. Moreover, strong itinerant magnetism has been
examined in porphyrin array based systems and Curie temperature is
also calculated for such systems. Spin-filtering efficiency has been
calculated also for porphyrin based molecular spintronics device. This
thesis also includes stability analysis for all the ferromagnetic half-
metallic low dimensional systems.

Throughout our investigation, it is observed that the stability of such
half-metallic materials is very important for practical realization. In
many cases, realization of freestanding monolayer is found to be very
challenging. Moreover, during the fabrication process, the monolayer
is placed on top of a substrate material. Hence, it is very important to
choose a proper substrate such that stability as well as the half-metallic
properties can be sustained. In future, study of several substrate
materials can be done to enlighten in this aspect.

Besides, various new spintronic materials and device can be designed
based on several other 1D systems such as nanotubes, nanowires and
nanoribbons. Additionally, another new class of materials can be
investigated for spintronics application. The introduction section of
this thesis already discusses about topological insulator which can
provide two counter-propagating dissipation less spin current for
electrons with two different orientations (spin-up and spin-down).
Therefore, designing of topological insulating materials can be very

promising for spintronics domain.
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