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Abstract

The present thesis focuses on the modeling and simulation of two broad classes
of materials that are technologically important and indigenous. The first class of
materials is Spin Crossover (SCO) molecular materials exhibiting light-induced
excited spin state trapping (LIESST) and SCO coordination polymers exhibiting
thermally activated spin transition suitable for designing molecular device-based
applications. The other class of material deals with layered two-dimensional
(2D) materials like 2D transition metal carbide known as MXene and elemental
2D material of group-VI element Tellurium (Te) known as tellurene exhibiting
thermoelectric properties promising for renewable energy harvesting technology.
In the context of SCO material, our findings reveal that Time-dependent Den-
sity Functional Theory (TDDFT) with a suitable choice of exchange-correlation
functional is a reasonable approach for estimating the low-temperature relax-
ation rates of LIESST process in real complexes, consisting of several tens to
hundreds of atoms. Next, we apply our method to study the microscopic origin
of 14-order of magnitude jump in the relaxation rate of Fe(II) SCO complexes
coordinated by mono-dentate, bi-dentate, and multi-dentate ligands. The calcu-
lated rate constants are in excellent agreement with measured values. The large
variation in rate constant is rationalized in terms of the change in metal-ligand
covalency. Next, we study the spin-transition in three Fe(II) based coordination
polymers where Fe(II) SCO centers are connected via tetrazole-based bridging
ligands forming 1D and 2D coordination networks. We investigate how coop-
erativity among Fe(II) centers build upon increasing the length of the bridging
ligands. To explore the thermoelectric materials, we investigate Titanium (Ti)
and Molybdenum (Mo) based MXene compounds considering five ordered alloyed
structures Ti3−xMoxC2 with x = 0.5, 1, 1.5, 2, 2.5 with -OH, -O, or -F pas-
sivation. Three narrow gap semiconducting compounds are identified, namely,
Ti2MoC2F2, TiMo2C2F2, and TiMo2C2(OH)2 for subsequent study of thermo-
electric properties within the semi-classical Boltzmann transport formalism. Our
study highlights the potential of Ti2MoC2F2 as a thermoelectric material within
a large temperature range of 300-800K upon p-type carrier doping and figure of
merit (ZT ) was found to reach a high value of 3.1 and an efficiency of ∼27% at
800 K. Our exercise should motivate the experimental study of yet-to-be synthe-
sized MXene compound, Ti2MoC2. Next, we investigate the influence of biaxial
strain on the β-phase of Tellurene (β-Te), which had been discussed already for
its potential in thermoelectric applications. Realistic estimates of strain that may
be imposed on β-Te are obtained through van der Waals heterostructuring with
other known 2D materials. We find that through strain engineering, the ther-
moelectric performance of β-Te in p-type doping can be significantly improved
and made comparable to that of the known binary or ternary layered compound
at room temperature, and can outperform the known binary or ternary layered



iv

compounds at high to moderate temperature. Our computational study on pre-
diction of new materials with targeted and improved properties should form a
useful guide for future experiments.



List of Publications

1. ∗ Light-induced excited spin-state trapping in spin crossover model system.
Shiladitya Karmakar, Debashree Ghosh, and Tanusri Saha-Dasgupta.
International Journal of Quantum Chemistry 120.6 (2020), e26122.

2. ∗ First-principles prediction of enhanced thermoelectric properties of double
transition metal MXenes: Ti3−xMoxC2T2 ; (x = 0.5, 1, 1.5, 2, 2.5, T = -
OH/ -O/ -F ).
Shiladitya Karmakar and Tanusri Saha-Dasgupta.
Physical Review Materials 4.12 (2020), p. 124007.

3. ∗ High-performance thermoelectric properties of strained two-dimensional
tellurium.
Shiladitya Karmakar and Tanusri Saha-Dasgupta.
Physical Review Materials 5.12 (2021), p. 124006.

4. ∗ Trend in light-induced excited-state spin trapping in Fe (II)-based spin
crossover systems.
Shiladitya Karmakar, Pradip Chakraborty, and Tanusri Saha-Dasgupta.
Physical Chemistry Chemical Physics 24.17 (2022), pp. 10201-
10209.

5. ∗ Trend in cooperativity in spin-crossover of metal-organic polymers.
Shiladitya Karmakar, Pradip Chakraborty, and Tanusri Saha-Dasgupta.
(Under Preparation)

6. Giant Rashba effect and non-linear anomalous Hall conductivity in a two-
dimensional molybdenum-based Janus structure.
Shiladitya Karmakar, Rajdeep Biswas, and Tanusri Saha-Dasgupta.
Physical Review B 107.7 (2023), p. 075403.

7. Establishing Magnetic Coupling in Spin-crossover-2D Hybrid Nanostruc-
tures via Interfacial Charge-transfer Interaction.
Shatabda Bhattacharya, Shubhadip Moulick, Chinmoy Das, Shiladitya Karmakar,
Hirokazu Tada, Tanusri Saha-Dasgupta, Pradip Chakraborty, Atindra Nath
Pal. (Under Review)

Thesis will be based on the references marked by ∗

v



CONTENTS vi

Contents

1 Introduction 1
1.1 Technological Applications of Materials studied . . . . . . . . . . 3

1.1.1 Spin Crossover materials . . . . . . . . . . . . . . . . . . . 3
1.1.2 Thermoelectric materials . . . . . . . . . . . . . . . . . . . 4

1.2 Phenomena and Material Background . . . . . . . . . . . . . . . . 7
1.2.1 Spin-Crossover compounds . . . . . . . . . . . . . . . . . . 7
1.2.2 Coordination Polymers . . . . . . . . . . . . . . . . . . . . 11
1.2.3 Thermoelectric materials . . . . . . . . . . . . . . . . . . . 14
1.2.4 Layered two-dimensional material . . . . . . . . . . . . . . 16

1.3 Overview of present thesis . . . . . . . . . . . . . . . . . . . . . . 23

2 Methodology 36
2.1 Many Body Hamiltonian . . . . . . . . . . . . . . . . . . . . . . . 37
2.2 Wave function-based approach . . . . . . . . . . . . . . . . . . . . 39

2.2.1 Hartree Theory . . . . . . . . . . . . . . . . . . . . . . . . 39
2.2.2 Hartree-Fock Theory . . . . . . . . . . . . . . . . . . . . . 40
2.2.3 Post HF methods . . . . . . . . . . . . . . . . . . . . . . . 42

2.3 Density functional based approach . . . . . . . . . . . . . . . . . . 47
2.3.1 Reduced Density Matrices . . . . . . . . . . . . . . . . . . 47
2.3.2 The Hohenberg-Kohn Theorems . . . . . . . . . . . . . . . 49

2.4 Kohn-Sham Formulation . . . . . . . . . . . . . . . . . . . . . . . 50
2.5 Exchange and Correlation . . . . . . . . . . . . . . . . . . . . . . 52

2.5.1 Local density approximation (LDA) . . . . . . . . . . . . . 53
2.5.2 Generalized gradient approximation (GGA) . . . . . . . . 54
2.5.3 Beyond GGA functional . . . . . . . . . . . . . . . . . . . 55

2.6 Basis Sets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
2.6.1 Gaussian basis set . . . . . . . . . . . . . . . . . . . . . . . 58
2.6.2 The plane wave-based method . . . . . . . . . . . . . . . . 60

2.7 Time Dependent Density Functional Theory (TDDFT) . . . . . . 62
2.8 Boltzmann Transport Theory . . . . . . . . . . . . . . . . . . . . 66

2.8.1 Boltzmann Transport Theory for electrical transport . . . 67
2.8.2 Boltzmann Transport Theory for lattice transport . . . . . 73
2.8.3 Implementation of Boltzmann Transport Equation . . . . . 74



CONTENTS vii

3 Light Induced Excited Spin State Trapping in Spin Crossover
Model System* 83
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
3.2 Computational details . . . . . . . . . . . . . . . . . . . . . . . . 85
3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

3.3.1 Structural details . . . . . . . . . . . . . . . . . . . . . . . 85
3.3.2 Potential Energy Curves of Low-energy States, Relaxation

Processes . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
3.3.3 Calculated Rate Constants . . . . . . . . . . . . . . . . . . 96

3.4 Conclusions and Discussions . . . . . . . . . . . . . . . . . . . . . 100

4 Trend in Light-Induced Excited-State Spin Trapping in Fe(II)-
based Spin Crossover Systems* 105
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
4.2 Computational Details . . . . . . . . . . . . . . . . . . . . . . . . 106
4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

4.3.1 Exchange correlation and HS-LS energy gap . . . . . . . . 108
4.3.2 LIESST mechanism and Calculated Rate Constant . . . . 112
4.3.3 Chemical origin of Trend in Relaxation Rate . . . . . . . . 114

4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5 Trend in cooperativity in spin-crossover of metal-organic poly-
mers* 125
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
5.2 Theoretical Models on Cooperativity: Background Study . . . . . 128
5.3 Study of Present Compounds . . . . . . . . . . . . . . . . . . . . 130

5.3.1 Ab-initio calculation details . . . . . . . . . . . . . . . . . 130
5.3.2 Crystal Structure details . . . . . . . . . . . . . . . . . . . 131
5.3.3 Ab-initio derived parameters for cooperativity . . . . . . . 134

5.4 Discussion on Hysteresis . . . . . . . . . . . . . . . . . . . . . . . 138
5.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

6 First-principles Prediction of Enhanced Thermoelectric Prop-
erties of Double Transition Metal MXenes: Ti3−xMoxC2T2 (x
=0.5, 1, 1.5, 2, 2.5, T = -OH/-O/-F)* 145
6.1 Introduction and Motivation . . . . . . . . . . . . . . . . . . . . . 145
6.2 Computational Details . . . . . . . . . . . . . . . . . . . . . . . . 146
6.3 Results and Discussions . . . . . . . . . . . . . . . . . . . . . . . 150

6.3.1 Formation energy and Stability analysis . . . . . . . . . . 150
6.3.2 Electronic structure . . . . . . . . . . . . . . . . . . . . . . 154
6.3.3 Electrical transport coefficients . . . . . . . . . . . . . . . 158
6.3.4 Dynamical stability . . . . . . . . . . . . . . . . . . . . . . 164



CONTENTS viii

6.3.5 Lattice transport coefficient: Lattice thermal conductivity 166
6.3.6 Figure of merit and TE efficiency . . . . . . . . . . . . . . 170

6.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

7 High-performance Thermoelectric Properties of Strained Two-
Dimensional Tellurium* 177
7.1 Introduction and Motivation . . . . . . . . . . . . . . . . . . . . . 177
7.2 Computational details . . . . . . . . . . . . . . . . . . . . . . . . 180
7.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

7.3.1 Crystal Structure . . . . . . . . . . . . . . . . . . . . . . . 181
7.3.2 Electronic Structure . . . . . . . . . . . . . . . . . . . . . 185
7.3.3 Electron conductivity . . . . . . . . . . . . . . . . . . . . . 185
7.3.4 Phonon dispersion . . . . . . . . . . . . . . . . . . . . . . 191
7.3.5 Thermal conductivity . . . . . . . . . . . . . . . . . . . . . 193
7.3.6 Figure of merit and TE conversion efficiency . . . . . . . . 195

7.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197

8 Summary and Outlook 203
8.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204

8.1.1 Chapter 3: Light-Induced Excited Spin State Trapping in
Spin Crossover Model System . . . . . . . . . . . . . . . . 204

8.1.2 Chapter 4: Trend in Light-Induced Excited-State Spin Trap-
ping in Fe(II)-based Spin Crossover Systems . . . . . . . . 204

8.1.3 Chapter 5: Trend in cooperativity in spin-crossover of metal-
organic polymers . . . . . . . . . . . . . . . . . . . . . . . 205

8.1.4 Chapter 6: First-principles Prediction of Enhanced Ther-
moelectric Properties of Double Transition Metal MXenes:
Ti3−xMoxC2T2 (x =0.5, 1, 1.5, 2, 2.5, T = -OH/-O/-F) . . 206

8.1.5 Chapter 7: High-performance Thermoelectric Properties of
Strained Two-Dimensional Tellurium . . . . . . . . . . . . 207

8.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208
8.2.1 SCO molecular materials and coordination polymers . . . 208
8.2.2 Layered 2D thermoelectric materials . . . . . . . . . . . . 210



List of Figures

1.1 Schematic of material science tetrahedron encompassing four in-
terdependent aspects . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Schematic of molecular switch adapted from ref.[14] . . . . . . . . 4
1.3 Schematic representation of different sectors contributing to large

amounts of wasted thermal energy. The figure is adapted from
Ref.[21] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Schematic of thermocouples used in TE devices. The figure is
adapted from Wikipedia. (see text for details) . . . . . . . . . . . 6

1.5 Schematic picture of the SCO in a typical Fe(II) metal-organic
complex (A typical model complex [Fe(NH)3]2 is shown in the back-
ground, with Fe, N, and H atoms depicted by cyan, blue, and white
spheres, respectively). The transition in the magnetization M from
the molecular low-spin (LS) S = 0 state to the high-spin (HS) S
= 2 state can be triggered by various external perturbations, such
as temperature ( T ), mechanical or chemical pressure, light irra-
diation, magnetic field, and substrate effect. The 6 d -electrons on
the Fe(II) ion, shown by arrows, can fully occupy the t2g levels,
resulting in a diamagnetic S = 0 state, or when the t2g-eg energy
splitting is reduced, they can partially occupy both levels, leading
to a paramagnetic S = 2 state. The figure is adapted from ref.[28] 8

1.6 Schematic of the mechanism of LIESST and reverse LIESST effects
of iron (II) SCO complexes. The figure is adapted from ref.[16] (see
text for details) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.7 Schematic representation of linear, 1-d coordination polymer in
which chains of metals are linked by organic ligands. The figure is
adapted from ref.[50] . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.8 Schematic of variation of transport properties as a function of
charge carrier concentration adapted from ref.[55] . . . . . . . . . 15

1.9 Layered 2D materials discovered in past decades showing its figure
of merit ZT and optimal working temperature adapted from ref.[67] 16

1.10 Crystal structure of MAX(top) and its MXenes (down) (a) M3AX2

, (b) o-M’2M”AX2, and (c) i-(M’2/3M”1/3)2AX. The figure is taken
from ref.[91] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

ix



LIST OF FIGURES x

1.11 Top and side views of the optimized structures of tellurene in differ-
ent phases: (a) α-Te, (b) β-Te, and (c) γ-Te. The surface Brillouin
zones for α (or γ) and β phases are drawn in (d). The dashed lines
indicate the unit cell of each structure. The total charge density
of each structure is plotted at the horizontal and vertical cross sec-
tions indicated by the blue dotted lines. The figure is taken from
ref.[114] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.1 Algorithmic flowchart illustrating the Hartree−Fock method. . . . 43
2.2 Example of (4 electrons, 4 orbitals) active space for CASSCF cal-

culation generated from HF orbitals. HF orbital space has two
parts one is vacant and the other is occupied. Occupied space
can be divided into two one is active orbitals and other is inactive
orbitals. Full CI is performed within active orbital space. . . . . . 46

2.3 Mapping from interacting electron system of density ρ(r) to a non-
interacting system of same density using Kohn-Sham approxima-
tion. The figure is adapted from [14]. . . . . . . . . . . . . . . . . 51

2.4 Algorithmic flowchart illustrating the iterative procedure to solve
the Kohn-sham equations. . . . . . . . . . . . . . . . . . . . . . . 53

2.5 Comparison of the quality of least square fit of a 1s Slater function
ζ = 1.0 obtained at the STO-1G, STO-2G and STO-5G levels.
The figure is adapted from Wikipedia . . . . . . . . . . . . . . . . 59

2.6 Comparison between all-electron (solid line) and pseudo (dashed line)

wavefunction and potential. After a cutoff radius rc, they match with

each other. The picture is adapted from Wikipedia. . . . . . . . . . . 61
2.7 Typical BoltzTraP2 workflow taking the user from the results of a

DFT calculation to estimates of the thermoelectric coefficients for
the system under study, and other related results, using the btp2
command-line interface. Figure is taken from [60] . . . . . . . . . 75

2.8 Workflow for thermal conductivity calculations using a real-space
supercell approach for force constants. Orange boxes represent the
steps of the calculations, blue boxes stand for the results of these
steps, and computer programs are denoted as black text outside of
any box. Figure is taken from [61] . . . . . . . . . . . . . . . . . . 76



LIST OF FIGURES xi

3.1 Left panel shows the real structure. Central atom Fe is surrounded
by six N atoms forming an octahedral structure. The medium-sized
golden and red balls represent C and N respectively. The small sky
blue balls represent the H atoms while the brown medium-sized
balls denote S. Right panel shows the model system built out of
the real system keeping the FeN6 octahedra unchanged. Here S
is replaced by O (green medium-sized balls) and the farther away
structure is simplified, keeping the asymmetry of the real molecule
preserved (see text for details). . . . . . . . . . . . . . . . . . . . 86

3.2 Left panel shows PEC’s of the low-lying energy states of the SCO
model system as function of the mean Fe-N distances resulting
from TDDFT calculation. Blue lines with closed circles denote the
singlet states, red lines with open circles denote the quintet states
and green lines with hashed circles denote the triplet states. We
also indicate the LIESST pathway using arrows i.e., S-es*-1→T-
es*-1→Q-es*-1→Q-gs. Labels 1 and 2 indicate first and second
crossings. Right panel shows the pathways in terms of energy level
diagram. Solid line refers to electronic transition, dashed line refers
to ISC step and dotted line refers to IC step. Black dots refers to
crossing point between the excited states involving ISC. . . . . . . 88

3.3 Same as Figure 3.2, but shown for the second possible pathway
(S-es*-1→T-es*-1→Q-es*-2→Q-gs), as given in TDDFT calculation. 89

3.4 Same as Figure 3.2, but shown for the third possible pathway (S-
es*-1→T-es*-1→T-gs→Q-es*-1→Q-gs), as given in TDDFT cal-
culation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

3.5 Left panel shows PECs of the low-lying energy states of the SCO
model system as a function of the mean Fe-N distances resulting
from TDDFT calculation with M06-L functional. The right panel
shows the pathways in terms of the energy level diagram. The
solid line refers to electronic transition, the dashed line refers to
the ISC step and the dotted line refers to the IC step. Black dots
refer to the crossing point between the excited states involving ISC.
LIESST pathways: S-es*-1→T-es*-1→Q-es*-1→Q-gs . . . . . . . 91

3.6 Left panel shows PECs of the low-lying energy states of the SCO
model system as a function of the mean Fe-N distances resulting
from TDDFT calculation with M06-L functional. The right panel
shows the pathways in terms of the energy level diagram. The
solid line refers to electronic transition, the dashed line refers to
the ISC step and the dotted line refers to the IC step. Black dots
refer to the crossing point between the excited states involving ISC.
LIESST pathways: S-es*-1→T-es*-1→T-gs→Q-gs . . . . . . . . . 92



LIST OF FIGURES xii

3.7 Same as Figure-1 but resulting from TDDFT calculation with
OLYP functional. LIESST pathways can be indicated as S-es*-
1→T-gs→Q-gs . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

3.8 The natural orbitals in HS [10e,12o] CASSCF calculation along
with their occupations. . . . . . . . . . . . . . . . . . . . . . . . . 94

3.9 Left panel shows PECs of the low-lying energy states of the SCO
model system as functions of the mean Fe-N distances resulting
from CASSCF calculation. Blue lines with closed circles denote the
singlet states, red lines with open circles denote the quintet states,
and green lines with hashed circles denote the triplet states. We
also indicate the possible LIESST pathway using arrows i.e., S-es*-
1→T-es*-4→T-gs→Q-es*-2→Q-gs. Labels 1 and 2 indicate the
first and second crossings. The right panel shows the pathway in
terms of the energy level diagram. The solid line refers to electronic
transition, the dashed line refers to ISC and the dotted line refers
to the IC step. Black dots refer to the crossing point between the
excited states involving ISC. . . . . . . . . . . . . . . . . . . . . . 95

3.10 Same as in Figure 3.9, but shown for the second possible path-
way (S-es*-1→T-es*-4→Q-es*-3→Q-gs), as suggested in CASSCF
calculation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

3.11 Same as Figure-1 but resulting from CASPT2 calculation. LIESST
pathways for top panel: S-es*-1→T-es*-4→T-gs→Q-es*-2→Q-gs
and for bottom panel: S-es*-1→T-es*-4→Q-es*-3→Q-gs . . . . . 97

4.1 Four Fe(II) based metal-organic complexes, considered in the present
study. Four organic ligands with different nature of coordination
namely bidentate 2-picolylamine (pic), monodentate 1-propyltetrazole
(ptz), hexadentate tris4-[(6-methyl)-2-pyridyl]-3-aza-butenylamine
((mepy)3tren) and bidentate 2,2’-bipyridine (bipy) are shown schemat-
ically in four different quadrants of the outer annular region. Fe, N,
C, and H atoms are shown as big-magenta, medium-blue, medium-
green, and small-white balls, respectively. N atoms of each ligand
that contribute to Fe(II)-ligand coordination sphere are highlighted
by dashed circle. The inner circular region shows the octahedral
coordination of Fe(II) ion associated with each complex. . . . . . 107



LIST OF FIGURES xiii

4.2 Calculated values of ∆E0
HL plotted against T1/2 for four differ-

ent complexes, for a choice of range of XC functionals, belonging
to the broad class of GGA (A), range separated GGA (B), meta
GGA (C), hybrid-meta GGA (D), hybrid GGA (E), and double
hybrid (F). The lines are guide to eye, with each data point repre-
senting the specific compound. The ∆E0

HL values estimated from
measured T1/2 are also shown for comparison, as a blue line with
data-points of compounds in asterisk symbols. . . . . . . . . . . . 109

4.3 The nuclear contribution, measured through Franck-Condon factor
(left) and the electronic contribution, measured through HS-LS
energy gap (right), plotted against the measured relaxation rate
for the four complexes. . . . . . . . . . . . . . . . . . . . . . . . . 114

4.4 The calculated values of modulus of ICOHP for four complexes,
plotted against the relaxation rate. The inset shows the Fe-N
COHP for the four complexes. The color convention followed; red
(ptz), blue (pic), green (mepy-tren) and black (bipy). For ease of
visualization of COHP, the mepy and pic data are shown as shaded
area. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

5.1 A schematic view of the three pseudo spin configurations of two
neighboring atoms in the chain. The elastic constant of the spring
linking two atoms depends on their spin states. e++, e−−, and e+−
respectively, associated with the HS-HS, HS-LS, and LS-LS states.
The figure is adapted from [13] . . . . . . . . . . . . . . . . . . . 129

5.2 Schematic diagram showing the different site labels of the intercon-
nected chains and the various intra- and interchain interactions.
The figure is adapted from [8] . . . . . . . . . . . . . . . . . . . . 130

5.3 Different networks formed by Fe(II) centres connected by tetrazole
based ligands shown for a. Fe-ebtz, b. Fe-bbtz and c. Fe-hbtz
compounds. (ClO4)− are ommited for clarity. The small green
balls represent the C atoms situated at the linker of tetrazole-
based ligands. The black solid line represents the unit cell for each
compound. d-f. shows the stacking pattern of corresponding com-
pounds. Double-headed blue arrows in d. indicate the direction
of the 1D network along a-direction. Blue lines in e-f. indicate
the planes of the 2D network. Red dashed double-headed arrows
indicate the stacking arrangements of different networks. . . . . . 132

5.4 Supercell of each compound used for J calculation is shown. Possi-
ble superexchange paths between neighboring Fe(II) ions are also
marked and C atoms of the alkyl linker of corresponding com-
pounds involving the path are labeled. . . . . . . . . . . . . . . . 136



LIST OF FIGURES xiv

5.5 The variation of total energy as a function of variation of Fe-N
bond length about the equilibrium value, for three different config-
urations: LS-LS (circles), LS-HS (squares), and HS-HS (diamonds)
of a. Fe-ebtz, b. Fe-bbtz and c. Fe-hbtz compound. Solid lines
are fit to data points. . . . . . . . . . . . . . . . . . . . . . . . . . 139

5.6 Results of Monte Carlo simulation. High spin fraction plotted as a
function of increasing temperature (heating cycle) and decreasing
temperature (cooling cycle), for (a) ferroelastic intrachain coupling
with magnetic coupling set to zero, (b) ferroelastic intrachain cou-
pling with finite, nonzero magnetic coupling, (c) antiferroelastic
intrachain coupling with magnetic coupling set to zero, and (d)
antiferroelastic intrachain coupling with finite, nonzero magnetic
coupling. The figure is adapted from [8] . . . . . . . . . . . . . . . 140

6.1 a. The Ti3−xMoxC2 MXenes in O- and I-phase, viewed along b
axis with c-axis oriented vertically. The probable hollow sites that
may host the passivating atoms are marked. b. The difference in
formation energy of the I- and O-phases plotted as a function of
Mo concentration x, as obtained in non-spin-polarized calculations.
The inset shows the difference in bond energy (see text) of the I-
and O-phases plotted as a function of Mo concentration x. c. Same
as b. but results obtained in spin-polarized calculations. . . . . . 148

6.2 The FM and five different AFM spin arrangements in passivated
Ti3−xMoxC2 MXenes, with passivated atoms shown as small balls,
and magnetic TM atoms shown as large balls. . . . . . . . . . . . 151

6.3 The energetic of different magnetic configurations of different spin
arrangements of passivated Ti3−xMoxC2 MXenes, together with
non magnetic case. The energies for O-MXenes and I-MXenes
are shown with solid and open symbols, respectively. The lowest
energy magnetic configuration (AFM-1) is encircled. . . . . . . . . 152

6.4 Ternary composition-formation enthalpy phase diagram of the TixMoyCz

compounds. Each structure is colored by the distance from the
convex hull in eV/atom, see the color bar legend on the right. . . 154

6.5 a. The density of states in O-passivated Ti3−xMoxC2 MXenes,
projected to Ti d (red), Mo d (blue), C p (green) and O p (ma-
genta) states. The zero of the energy is fixed at Fermi energy
(EF ). b. The corresponding band structure plotted along the high
symmetry points of the BZ, Γ-M(1/2,0,0)-K(2/3,1/3,0)-Γ. . . . . . 155



LIST OF FIGURES xv

6.6 a. The density of states in F-passivated Ti3−xMoxC2 MXenes,
projected to Ti d (red), Mo d (blue), C p (green) and F p (ma-
genta) states. The zero of the energy is fixed at Fermi energy (EF ).
The band gaps for semiconducting TiMo2C2F2 and Ti2MoC2F2 are
marked. b. The corresponding band structure plotted along the
high symmetry points of the BZ, Γ-M(1/2,0,0)-K(2/3,1/3,0)-Γ. . . 156

6.7 a. The density of states in OH-passivated Ti3−xMoxC2 MXenes,
projected to Ti d (red), Mo d (blue), C p (green) and OH (magenta)
states. The zero of the energy is fixed at Fermi energy (EF ). The
band gap for semiconducting TiMo2C2(OH)2 is marked. b. The
corresponding band structure plotted along the high symmetry
points of the BZ, Γ-M(1/2,0,0)-K(2/3,1/3,0)-Γ. . . . . . . . . . . 157

6.8 a. The calculated electronic relaxation time shown for representa-
tive cases of Ti2MoC2F2, TiMo2C2F2 and TiMo2C2(OH)2 MXenes,
plotted as a function of carrier density for different temperatures.
The n-doped and p-doped carrier density 1019cm−3 are marked. . 160

6.9 Electrical transport properties of n-type passivated TiMo2C2, con-
sidering uniform passivation by O2, F2, (OH)2, as well as mixed
passivation by OF and OOH. Shown are results for temperature
dependent conductivity (a.), Seebeck coefficient (b.) and power
factor (c.). The experimentally measured power factor is shown
for comparison. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

6.10 Electrical transport properties of -O or -F or -OH passivated semi-
conducting Ti2MoC2 and TiMo2C2. Shown are the results for
temperature-dependent conductivity (a.), absolute value of See-
beck coefficient (b.) and power factor (c.). . . . . . . . . . . . . . 162

6.11 The phonon dispersion (left) and phonon density of states (right)
shown for TiMo2C2F2 (a.), TiMo2C2(OH)2 (b.) and Ti2MoC2F2

(c.). In phonon dispersion, the branches corresponding to acoustic
branches, namely LA, TA and ZA are marked. . . . . . . . . . . . 165

6.12 The temperature dependent electronic and lattice thermal conduc-
tivity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

6.13 Normalized lattice thermal conductivities as a function of temper-
ature for different phonon branches. . . . . . . . . . . . . . . . . . 167

6.14 Calculated (a) volumetric specific heat, (b) group velocity, and (c)
scattering rate of Ti2MoC2F2, TiMo2C2F2 and TiMo2C2(OH)2. . . 169

6.15 Thermoelectric figure of merit (ZT) and TE conversion efficiency
for passivated Ti2MoC2T2 and TiMo2C2T2 (T = -F, -O and -OH):
a. ZT between 300 and 800 K and b. TE conversion efficiency in
the same temperature range. . . . . . . . . . . . . . . . . . . . . . 170



LIST OF FIGURES xvi

7.1 The variation of three Te-Te bond lengths of monolayer Te, marked
by red, blue and green colored closed circle, as a function of com-
pressive and tensile biaxial strain, measured by δ. The strain im-
posed in heterojunctions with known 2D materials, like MoSe2,
MoS2, WS2, WSe2, graphene are marked by dashed lines. . . . . . 179

7.2 (a) Top and side views of the optimized structures of tellurene in
different phases: α-Te, β-Te, and γ-Te. The figure is taken from
ref.[17] (b) A structural transition from β to α′ phase is signaled
in terms of splitting of Te-Te bond lengths, colored by red and blue.181

7.3 The variation of electronic band structure of 2D Te under different
biaxial strain. A structural transition from β to α′ phase is seen
under tensile strain. The zero of the energy is set at Fermi level
(EF ). Marked are the direct and indirect band gaps. . . . . . . . . 185

7.4 (a) Effective elastic modulus along the zig-zag (x) and arm-chair
(y) directions plotted as a function of strain. (b) The effective
mass for electron and hole along the zig-zag (x) and arm-chair
(y) directions plotted as a function of strain. (c) The relaxation
time for electron and hole along the zig-zag (x) and arm-chair (y)
directions plotted as a function of strain. . . . . . . . . . . . . . . 186

7.5 The electrical conductivity (a), Seeback coefficient (b) and power
factor (c) at 300 K for electron and hole carriers along the zig-zag
(x) and arm-chair (y) directions plotted as a function of strain. . . 190

7.6 Phonon dispersion of 2D Te for representative strain values of δ=
-1.5 (a), 0. (b) and +1.0 (c). Marked are the three acoustic modes
and the low frequency transverse optic mode, TOx. . . . . . . . . 192

7.7 The temperature variation of electronic, κe and lattice thermal
conductivity κl along the zig-zag (xx) and arm-chair (yy) directions
for representative strain values of δ= -1.5 (a), 0. (b) and +1.0 (c). 194

7.8 (a) The temperature variation of ZT and TE efficiency (inset)
of unstrained Te monolayer, for chosen carrier concentration of
1013cm−2. (b) The variation of ZT yyh with strain at T = 300 K, 500
K and 800 K. The inset shows the corresponding variation of TE
efficiency at 500 K and 800 K. (c) Comparison of TE perfomance
of strained and unstrained Te monolayer with other known p-type
layered materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . 196



List of Tables

3.1 Vibrational Analysis of HS and LS structure . . . . . . . . . . . . 87
3.2 Comparison of Ground HS-LS state splitting calculated within DFT 90
3.3 Comparison of Ground HS-LS state splitting calculated within

CASSCF and CASPT2 theory . . . . . . . . . . . . . . . . . . . . 96
3.4 The pathway, involved energy states, SOC matrix element, and

involved energy denominators for LIESST as given in TDDFT cal-
culations, with the choice of various functionals. . . . . . . . . . . 98

3.5 The pathway, involved energy states, SOC matrix element, and
involved energy denominators for LIESST as given in CASSCF
and CASPT2 calculations. . . . . . . . . . . . . . . . . . . . . . . 99

3.6 Force constant(f) ×105 in dyne/cm, Huang-Rhys factor(s), re-
duced energy gap(p), electronic coupling matrix element(βHL), and
rate constant(kHL) determined for different suggested pathways by
TDDFT with choice of different functional, and multi-reference ap-
proaches like CASSCF and CASPT2 . . . . . . . . . . . . . . . . 100

4.1 Estimated value of ∆E0
HL from T1/2, and reported value of kHL in

literature.[8, 9, 12] . . . . . . . . . . . . . . . . . . . . . . . . . . 111
4.2 The calculated pathway, involved energy states, SOC matrix ele-

ment, and involved energy denominators for LIESST of ptz and
pic complexes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

4.3 The HS-LS structural parameters, calculated Huang-Rhys factor,
and Franck-Condon factor for four complexes. . . . . . . . . . . . 116

5.1 Comparison of the crystal structure of two-C linker connectivity
Fe-ebtz, four-C linker connectivity Fe-bbtz, and six-C linker con-
nectivity Fe-hbtz compound. Fe(II)-Fe(II) connectivity and stack-
ing pattern present in the polymer is discussed. . . . . . . . . . . 134

5.2 Calculation of magnetic exchange parameter (J) for three poly-
meric compounds. Dimension of supercells, no. of Fe(II) nearest
neighbor (n.n.) used for J calculation is mentioned. Possible su-
perexchange paths between n.n. Fe(II)s for different polymeric
networks, marked in figure-5.4, are also mentioned, where ”trz”
denote the tetrazole ring attached to FeN6 octahedron. . . . . . . 137

xvii



LIST OF TABLES xviii

5.3 Spin-dependent elastic interaction of three polymeric compounds
and corresponding elastic interaction type . . . . . . . . . . . . . 138

6.1 Number of Mo and Ti atoms in TM layers of Ti3−xMoxC2 MXenes
within 6 × 6 × 1 supercell. . . . . . . . . . . . . . . . . . . . . . . 147

6.2 Magnetic moments in µB on Mo, Ti, C, T atoms for non-metallic
passivated Ti3−xMoxC2T2 MXenes. . . . . . . . . . . . . . . . . . 159

6.3 Effective masses, relaxation times and deformation potential (Ed)
of non-metallic compounds at 1019cm−3 carrier concentration. . . 163

6.4 Comparison of electrical transport coefficients of n-type doped,
passivated TiMo2C2 at 800 K. . . . . . . . . . . . . . . . . . . . . 164

6.5 ZTmax for different MXene compounds at different temperatures. . 171

7.1 Calculated strain (δ) due to lattice mismatch in van der Waals
heterostructures (vdwh) of 2D-Te and other 2D materials, obtained
assuming the bottom layer to be fixed. Calculated strain on Te (δ

′
)

assuming both Te and bottom layer to relax is also shown. The
strain on bottom layer is shown in parenthesis. . . . . . . . . . . . 184

7.2 Lattice parameters of biaxially strained β tellurene structures . . 184



Chapter 1

Introduction

”When nature finishes to produce its own species, man begins using natural things
and in harmony with this very nature to create an infinity of species.” -Leonardo
da Vinci

Materials have been instrumental in shaping human history since the dawn
of civilization.[1–4] The importance of materials in human civilization is so much
that it is often divided into ages according to the materials that dominated the
society, starting from the stone age to the bronze age, iron age and to modern
time of silicon age. During the stone age, humans learned to use natural mate-
rials, stones as grinding or cutting tools for agriculture. Materials like fiber and
resin helped humans to invent knives and axes by attaching blades to sticks. This
brought the Neolithic (or first agricultural) revolution in society transforming the
hunting and gathering lifestyle of humans. The discovery of smelting techniques
to extract metals from mineral ores was realized accidentally in stone age pottery
kilns, ushered in bronze, and the subsequent iron age. The adoption of iron caused
radical changes in agriculture as well as weaponry leading to the establishment
of countries, empires and the beginning of written literature. Around 4000 years
later such developments in metallurgy culminated in the industrial revolution.
But the profound change in the evolution of human civilization was noticed at
the end of the 19th century with the advent of two events, one is the birth of
semiconducting materials [5] and the other is the discovery of the electron by J. J.
Thomson in 1897 [6]. The latter led to the development of the vacuum tube and
spurred the discovery of solid-state transistors at Bell Labs by William Shock-
ley, John Bardeen, and Walter Brattain in 1947 [7]. In the present silicon age,
not only computers and mobile phones, but also commerce, transportation, and
communication i.e., every aspect of human life are now underpinned by micro-
electronic devices. Moore’s law [8, 9] ensures that the capabilities of such devices
are expected to grow exponentially with decreasing cost and size anticipating
more automation and convenience in our daily life. Clearly, major advances in
human civilization have been guided by a fundamental development in science
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and technology driven by materials.
But the silicon revolution governed by Moores law will be forced to seize soon

as it poses profound problems for society.[10] As living standards improve, the
Internet of Things (IoT) will be widespread causing the market of microelectronics
devices to expand worldwide rapidly. It is predicted by many studies that more
than half of the worlds energy will be consumed by information technologies
within a couple of decades. For example, exascale supercomputer El Capitan at
Lawrence Livermore National Laboratory[11] is expected to need 30 megawatts
of power to be operational at full capacity in 2023, which is about the same
consumption as 12,000 households. Secondly, the cost of the semiconductor chip
fabrication plant doubles every four years as predicted by Rocks law, and had
already reached about 14 billion US dollars in 2015. Moreover, devices made
of environment-friendly materials are expected to avoid negative impacts on the
environment as well as human health. So, the question one can ask is that what
kinds of materials lie ahead beyond the present silicon age? It was the far-sight
of the great genius of Renaissance Leonardo da Vinci, which suggests that the
future age is going to be the age of designed materials.[12] Apparently, future
materials must be designed in such a way that it will address the issue of high
energy demand in cost-effective and eco-friendly way.

Figure 1.1: Schematic of material science tetrahedron encompassing four inter-
dependent aspects

The ”Designed Materials Age” requires new knowledge which encompasses
four interdependent, distinct aspects of materials science: processing, structure,
properties, and performance forming four corners of materials science tetrahedron
(Figure-1.1)[13]. To design a material with a certain performance, one needs to
decide on a set of properties. Based on that one predict a structure manifesting
such properties. The structures are finally manufactured by processing. In recent
years, major advances in materials science have been achieved through the active
usage of computer simulations to understand the close interplay between struc-
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ture and properties and hence predict newly designed materials. Simulations with
ab-initio techniques that utilize various structural and chemical aspects of the ma-
terial systems can become the motivation for related experimental research which
will verify the structure-property relationship. This allows theory and experiment
to work hand in hand leading to the processing of high-performance materials. In
the present thesis, using ab-initio techniques we will computationally investigate
two different classes of materials that are technologically important and indige-
nous. The first class of materials is molecular materials suitable for designing
molecular device-based applications and the second class deals with thermoelec-
tric materials which have drawn significant attention in modern-day technology.
We will primarily use density functional theory to explore the electronic prop-
erties of both classes of materials in the ground state and time-dependent den-
sity functional theory to determine the excited states of molecular systems. For
thermoelectric materials, we will further solve Boltzmann transport equations to
calculate electron and lattice transport properties inputting the band structure
from density functional theory calculation. Before proceeding towards details of
studied materials belonging to these two broad classes, we would like to discuss
the technological importance of these material classes in the following section.

1.1 Technological Applications of Materials stud-

ied

1.1.1 Spin Crossover materials

Molecule-based devices require the design of molecular analogs of transistors that
are capable of working at low addressing power and short addressing time. Molec-
ular materials showing spin crossover (SCO) are the potential candidates to fulfill
those demands and find applications in the following technology sector.

SCO complex may act as a molecular switch, in which two stable spin states
distinguish between the on and off positions. Interconversion between the states
requires abrupt spin crossover in response to the input, such as temperature,
pressure, or light irradiation. Clearly, the molecule can act as a NOT operator
in logic operations, where one input produces one output (Figure-1.2). Hence
SCO complex might be a key to todays continuous urge for the miniaturization
of current technology and thus can be a route to continue Moores law.

SCO materials exhibiting abrupt spin transition around room temperature
with wide hysteresis loop are ideal for memory storage devices since it has the
ability to be observed in two different states (bistability) in a certain range of
temperature. Multi-functional materials showing electrical conductivity as well as
SCO are advantageous since the spin state can be read by measuring the conduc-
tivity. Tristable (three stable states at a given temperature) and multiply bistable
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Figure 1.2: Schematic of molecular switch adapted from ref.[14]

(bistability at some temperatures) materials like [Fe(dppL4)2][Ni(mnt)2].MeNO2

(where dppL4 is 2,6-Bis(pyrazolyl)pyridine and mnt is maleonitriledithiolate) are
promising for multi switches and ternary data storage devices [15].

SCO driven by pressure, temperature, and light irradiation have applications
as pressure, temperature, and sensors respectively [16]. Materials with well-
defined phase diagrams are advantageous since they can be used as combined
temperature and pressure sensors which detect temperature changes at a con-
stant pressure, as well as pressure changes at a constant temperature [17].

1.1.2 Thermoelectric materials

The phenomenon of thermoelectricity was discovered way back in 1823 when
German physicist Thomas Seebeck observed the deflection of a compass needle
close to two metal junctions that were kept at different temperatures.[18] Di-
rect conversion from heat to electricity at the junction of two conductors was
later named as Seebeck effect. Together with the Peltier effect [19], discovered
in 1834, and the Thomson effect [20], in 1851, the Seebeck effect constitutes the
physical processes that manifest in a TE material. TE devices consist of several
thermo-couples made of n-type (carrier e−) and p-type (carrier holes) materials
connected electrically in series and thermally in parallel as shown in Figure-.
When a temperature gradient is applied to a material, the mobile charge carriers
tend to diffuse from the hot to the cold end. The accumulated charge carriers
result in a net charge (-ve for e−s, +ve for holes) at the cold end, producing an
electrostatic potential difference (∆V). Subsequently, an equilibrium is achieved
between the chemical potential for diffusion and the electrostatic repulsion due
to the accumulated charge. ∆V is directly proportional to the temperature dif-
ference, ∆T, ∆V = S∆T where S is the Seebeck coefficient and can power an
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electric load through the external circuit. Such thermoelectric generators (TEG)
find applications in a multitude of technology fields.

Apart from the earth’s limited source of fossil fuels and human-induced global
climate change, one of the striking reasons for the emerging energy crisis in the
twenty-first century is that the large amounts of the generated heat energy cannot
be effectively used getting wasted in the environment, by the means of emissions
of factory boilers, car exhausts, friction, etc. The average useful energy from
fossil fuels from different sectors is shown schematically in figure-1.3. A key
solution to this growing energy crisis will be energy-harvesting technologies which
can effectively recycle and partially or fully harvest this wasted thermal energy
(>60%). TEG allows the direct conversion between thermal and electrical energy
and hence can be deployed to generate electricity by recovering the waste heat
utilizing the Seebeck effect. This unique capability makes them a promising
candidate for renewable as well as sustainable energy harvesting technology.

Figure 1.3: Schematic representation of different sectors contributing to large
amounts of wasted thermal energy. The figure is adapted from Ref.[21]

Radioisotope TE generators have been used successfully over the last four
decades in space missions [22] which require a continuous supply of electric power
for weeks to months. It converts the thermal energy gradient by radioactive decay
into electric energy. Plutonium (238Pu) serves as the best radioisotope with half
life ∼ 88 years.

In the Peltier cooler, the external circuit provides d.c. power supply, which
drives the electric current (I) and heat flow (Q), thereby cooling the top surface
due to the Peltier effect (Q = STI), which can be utilized in the air condition
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Figure 1.4: Schematic of thermocouples used in TE devices. The figure is adapted
from Wikipedia. (see text for details)

system [23]. TE climate-control seat systems have been developed and currently
are functional to provide rapid cooling and heating in the summer and winter,
respectively [24]. The speed and operating life of electronic devices (circuits)
decreases gradually with increasing temperature giving rise to the necessity of
a cooling system. TE-powered cooling systems (known as Peltier coolers) can
outperform conventional fan-based cooling systems. These are now extensively
used in electronic microprocessors such as CPUs for personal computers to boost
performance speeds. TE refrigerator is both quiet and light compared to ordinary
refrigerators since it needs no compressor. Moreover, it produces no hazardous
bi-products, such as chlorofluorocarbon (CFC) gas, used in old refrigerators.

One of the advantages of using TE devices is that they possess no moving or
mechanical parts making them able to function for a substantially long time with-
out the need for repair. Moreover, the lack of moving parts ensures the soundless
operation of the devices. Although TE technology has been known for two cen-
turies, it has only been applied in narrow fields because of its low conversion
efficiency (typically less than 6%)[25] constituting the main disadvantage of TE
devices. The efficiency of TE device at a given temperature, T , is estimated by a
dimensionless quantity called a figure of merit (ZT) which depends on transport
properties of the materials, where ZT=σS2T/κ, σ, S, κ=κe+κl being the elec-
trical conductivity, Seebeck coefficient, and total thermal conductivity having
contribution from both charge carriers (κe) and lattice vibration (κl). Therefore,
ideal thermoelectric materials must exhibit a large S, a high σ, and a low κl to
produce a large potential difference across the junction, so as to minimize the
Joule heating effect and to maintain a large temperature gradient, respectively.
TE technology will have a larger commercial market when the efficiency reaches



1.2. Phenomena and Material Background 7

that of conventional mechanical applications.

1.2 Phenomena and Material Background

1.2.1 Spin-Crossover compounds

SCO represents a spin-state transition at the molecular level [26–28]. Switching
of spin states is driven by external stimuli such as temperature, pressure, ap-
plied magnetic field, and light irradiation (Figure-1.4). This is accompanied by a
change in magnetic properties, electrical conductivity, and other physical prop-
erties (like refractive index, etc.) of the complex [27]. The phenomenon was first
discovered more than 90 years ago in iron(III) tris-dithiocarbamate compounds
in which Fe ions switch between low spin (S = 1/2) state and high spin (S = 5/2)
state [29]. In 1961, Co(II) based SCO compound (Co(L)2X2, where L = bis-[2,6-
pyridindialdihydrazone] and X is a transcoordinated anion) was synthesized [30]
and followed by the discovery of SCO in a Fe(II) compound, (Fe(phen)2(SCN)2,
where phen = 1,10-phenanthroline), involving the transition from LS (S = 0) to
HS (S = 2) state [31].

Several SCO complexes have been synthesized, characterized, and studied
which involve TM ions with 4 to 7 d -electrons, such as Fe2+, Fe3+, Co2+, or Co3+

with the help of experimental techniques, like magnetic susceptibility, Mössbauer
spectroscopy, x-ray crystallography, and extended x-ray absorption fine structure
[27]. But most studies on SCO compounds are based on earth-abundant metal
Fe(II)-based compounds with 6 d -electrons. SCO transition can be identified by
the change in the bond length of the TM ion to its ligand atoms (often nitrogen or
carbon); for Fe(II) complexes, this bond length is typically ∼ 0.2 Å shorter in the
LS state than in the HS state whereas for others the change is comparably small
(for Co(II) complexes, around ∼ 0.1Å). This leads to SCO transitions in Fe(II)
complexes being pronounced and abrupt, whereas they are more subtle in other
complexes. Hence SCO transition in Fe(II) complexes is easier to follow and more
suitable for application purposes as a result of their robust and prompt switching.
Moreover, switches made out of Fe(II) SCO complexes prove to be particularly
appealing in terms of sustainable technology. Furthermore, mechanochemistry
has recently been applied to the synthesis of SCO materials, thus demonstrating
that these materials may be synthesized using the techniques of Green Chemistry
[32].

SCO transition can be qualitatively understood using ligand-field theory [28].
The theory describes the energy levels of the spin-polarized d -electrons in a
crystal field potential provided by the ligand atoms. For Fe(II) complexes, Fe(II)
ion sits inside an octahedral crystal field which breaks the degeneracy of d orbitals.
dx2y2 and dz2 orbitals have lobe that points towards the ligand atom and affected
most by electrostatic interaction and gain energy to form eg level whereas other
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Figure 1.5: Schematic picture of the SCO in a typical Fe(II) metal-organic com-
plex (A typical model complex [Fe(NH)3]2 is shown in the background, with Fe, N,
and H atoms depicted by cyan, blue, and white spheres, respectively). The tran-
sition in the magnetization M from the molecular low-spin (LS) S = 0 state to the
high-spin (HS) S = 2 state can be triggered by various external perturbations,
such as temperature ( T ), mechanical or chemical pressure, light irradiation,
magnetic field, and substrate effect. The 6 d -electrons on the Fe(II) ion, shown
by arrows, can fully occupy the t2g levels, resulting in a diamagnetic S = 0 state,
or when the t2g-eg energy splitting is reduced, they can partially occupy both
levels, leading to a paramagnetic S = 2 state. The figure is adapted from ref.[28]

dxz, dyz and dxy orbitals have lobe that point in between ligand atoms and remain
less affected forming t2g level. Now how 6 d electrons occupy these levels is decided
by the interplay between eg - t2g energy splitting also known as crystal field
splitting ∆ and exchange interactions manifested in the compound. If by external
stimuli ∆ is increased, all electrons will fully occupy t2g level, giving rise to
diamagnetic low-spin S = 0 state ( t2g

6eg
0 ). If ∆ is reduced, exchange interactions

will dominate and will populate the levels with electrons having parallel spin
(so-called Hunds rule coupling) maximizing the magnetic moment resulting in
partially occupied t2g as well as eg energy levels, giving rise to paramagnetic
high-spin S = 2 states ( t2g

4eg
2 ). Clearly, SCO systems display bi-stability, as

the energetics of the LS and HS states can be externally modified.
The energy gap between HS and LS states is thermally accessible leading the

HS state to be stable at high temperatures and the LS state stable at low temper-
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atures. In 1984, Decurtins et al. [33] demonstrated that the crystalline sample
of [Fe(ptz)6](BF4)2 (ptz = 1-propyltetrazole) at 10K can transit from stable LS
state to metastable HS state upon irradiation by green light. The system remains
trapped in a photoinduced HS state for days to weeks if the temperature is main-
tained at T ≤ 50K. This phenomenon is known as light-induced excited spin-state
trapping (LIESST). LIESST effect is of potential technical use as optical switches
and magneto-optical storage. Later, reverse-LIESST effect [34] was found, which
converted the compound back to LS state upon shining red light ensuring re-
versibility of the LIESST process. But the process is limited by the fact that
trapping to metastable HS state usually happens at rather low temperatures. A
microscopic understanding of this phenomenon is thus needed.

The mechanism of LIESST can be understood in terms of the relaxation model
proposed by Hauser et al[35–37]. Here electronic states are modeled as potential
energy curves (PEC) i.e., electronic energy (E) calculated as a function of nuclear
coordinate (RFe−N) as shown in figure-1.5. During SCO, drastic change occurs in
the FeN6 octahedra of corresponding compounds causing its average Fe-N bond
length (RFe−N) to be changed by ∼0.2Å. Fe(II) 3d6 system in LS singlet ground
state (1A1) is first photo-excited (λ=514.5 nm) to an excited singlet state (1T1).
Then spin transition occurs through a relaxation process involving a number of
intersystem crossing (ISC) and internal conversion (IC) steps. Typically, a system
relaxes to the intermediate states (3T1) and finally back to the metastable HS
quintet state (5T2) where it gets trapped at cryogenic temperature (typically T <
50K), before relaxing back to LS ground state (1A1). The reverse-LIESST effect
occurs by irradiating (λ=820 nm) the compound prepared at low temperature in
the metastable HS state. The excitation induces the transition from 5T2 to 5E
states and then the excited 5E state relaxes to the 1A1 ground state via the 3T1

state.
Now we are particularly interested to estimate the relaxation rate between the

stable LS state and the metastable HS state since it will qualitatively give an idea
of how long the system can be trapped in the photoinduced HS state. This will be
beneficial to tune the efficiency of the devices made out of the LIESST compound.
According to Fermi’s Golden Rule, the HS→LS relaxation rate constant can be
expressed as,[35]

kHL(T ) =
2π

~2ω
β2
HLFp(T ) (1.1)

which consists of electronic contribution encoded in electronic coupling matrix
element, βHL, and the nuclear contribution expressed in terms of thermally aver-
aged Franck-Condon factor Fp(T).

From first-order perturbation theory [38], one can write the electronic contri-
bution as

βHL = 〈ΦLS|HSO|ΦHS〉 =
∑
j

〈S|HSO|j〉〈j|HSO|Q〉(
1

∆ES,j
+

1

∆Ej,Q
) (1.2)
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Figure 1.6: Schematic of the mechanism of LIESST and reverse LIESST effects of
iron (II) SCO complexes. The figure is adapted from ref.[16] (see text for details)

where the only non-vanishing matrix elements with both LS singlet (S) and high-
spin quintet (Q) are those of triplet (T) multiplicity having configuration of t52geg,
intermediate between the singlet configuration of t62g and quintet configuration of
t42ge

2
g. ∆ES(Q),j is the energy difference between S(Q) and T, at the equilibrium

configuration of S(Q).
At very low temperatures, the Franck-Condon factor becomes,[35]

Fp(T → 0) =
spe−s

p!
(1.3)

where, s is the Huang-Rhys factor and p is the reduced energy gap. s and p refer
to the horizontal and vertical displacement of the HS and LS ground states from
each other respectively. The expressions for s and p are given as:

s =
f∆Q2

HL

2~ω
(1.4)

p =
∆EHL
~ω

(1.5)

where, ∆QHL =
√

6∆RH−L
The electronic contribution thus can be computed from knowledge of energy

differences ∆ES(Q),j, and SOC matrix elements. Similarly, the nuclear contribu-
tion can be computed from the horizontal (for s) and vertical (for p) displacements
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of the HS and LS ground states relative to each other, vibrational frequencies (ω)
and force constant (f ) associated with the excited states.

Clearly, the computation of the relaxation rate of the LIESST mechanism
requires an accurate description of both ground and excited states. Considering a
model SCO system, we first test the applicability of the wave function and density
functional theory (DFT)-based approaches to calculate the electronic structure
of the Fe(II) based SCO complex. This has been discussed in Chapter 3 of the
present thesis. After establishing our tool, we turn into a real problem. From
optical spectroscopy measurement, Hauser et al [39] demonstrated that the low-
temperature HS-LS relaxation rate can vary 12 orders of magnitude for different
Fe(II) based LIESST compounds. Several compounds are chosen such that the
core FeN6 octahedra is taken as fixed but ligands may vary from monodentate
to bidentate to multidentate coordination. Such tunability of relaxation rate has
not been explained properly in terms of a structural point of view and inspired
us to study the structure-property relationship manifested in such compounds.
This has been discussed in Chapter 4 of the present thesis.

1.2.2 Coordination Polymers

Although the fundamental origin of SCO phenomena is molecular, intermolecular
interactions play a key role in making SCO a spin transition. When the magnitude
of intermolecular interactions overcomes certain threshold value, SCO phenomena
becomes cooperative leading to spin transition. Depending on the nature and
strength of the interaction, a) the transition may be gradual and continuous over
an extended temperature range, b) it may be abrupt, seen as a sharp first-order
transition. c) In case of a first-order transition, it may be accompanied by a
hysteresis loop. d) In a few cases, the transition may be incomplete at either
or both ends of the spin states. In cases of hysteresis, LS → HS transition
(warming mode) temperature Tc1, is higher than HS → LS transition (cooling
mode) temperature Tc2. Between Tc1 and Tc2, the state of the system, LS or
HS, depends on its history, and hence on the information which has been stored.
Clearly, the presence of hysteresis in spin transition confers a memory effect in
the devices. In a molecular crystal, isolated molecular units are connected by
weak van der Waals interaction or hydrogen bonding that are not sufficient to
give rise to cooperativity. To design strongly cooperative SCO compounds, active
SCO sites must be linked to each other by chemical bridges through which the
intersite interactions may be efficiently propagated. This makes the coordination
polymeric compounds with repeating coordination entities having extended solid
structures the suitable candidate.

Pioneering work on coordination polymers was done by Alfred Warner which
include cyanide complexes Prussian blue and Hofmann clathrates[40]. Most stud-
ied SCO materials showing cooperativity are linear 1-dimensional coordination
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polymers which are materials extending through repeating coordination entities
in 1-dimension forming chain-like structures, with weak links between individual
chains. But coordination compound can also extend through repeating coordina-
tion entities in 2 or 3 dimensions. The dimensionality of a coordination polymer
is defined by the number of directions in space the array extends to. A one-
dimensional structure extends in a straight line (for example along the x-axis); a
two-dimensional structure extends in a plane (two directions, x and y axes); and
a three-dimensional structure extends in all three directions (x, y, and z axes).
Strategic crystal engineering that makes use of multidentate ligands, connected
by spacers, facilitates to increase the dimensionality from 1-d to 2-d or 3-d.

Pressure-induced SCO transition in 2-d coordination polymer was first re-
ported in 1990 for [Fe(btr)2(NCS)2].H2O[41]. In this compound, the active sites
i.e., Fe(II) ions are bridged by the 4,4-bis-1,2,4-triazole ligand (btr), resulting in
a two-dimensional structure with weak links of van der Waals or hydrogen bonds
among these infinite layers. Very abrupt spin transitions, both in the warming
and cooling modes, as well as a thermal hysteresis of 21 K were observed, with
Tc1=144.5 K and Tc1=123.5 K. [Fe(btr)3 [(ClO4)2][42] represents the first 3-d
SCO coordination polymer. Among the 1-d coordination polymers, triazole-based
Fe(II) chain compounds have drawn significant attention. A schematic represen-
tation of a linear, 1-d coordination polymer is shown in figure-1.7. [Fe(4R-1,2,4-
triazole)3]A2.solv, where A is the counterion and solv denotes the solvent molecule
consisting of linear chains in which the adjacent Fe(II) ions in the chain are linked
by three triazole ligands. The coordination linkers, which are 1,2,4-triazole blocks
form efficient chemical bonds to transmit a cooperative effect, leading to a hys-
teresis loop of width ranging ∼ 2-20 K.[43] In a seminal experimental study by
Kahn et al.[44] thermal hysteresis at room temperature was demonstrated in
[Fe(Htrz)3−3x,(4-NH2trz)3x](ClO4)2.nH2O with x = 0.05.

Bimetallic 1-d chain compounds like Fe(aqin)2(µ2-M(CN)4), M = Ni(II) or
Pt(II), have been synthesized which were found to show abrupt HS-LS SCO.[45]
Experimental and simulation studies by Linares et al.[46] on [FexCo1−x(btr)2(NCS)

2].H2O with x = 0.847 showed large hysteresis loops in SCO phenomena induced
thermally as well as through pressure. Their study on [FexNi1−x(btr)2(NCS)2].H2O
with x = 0.66 showed large hysteresis in pressure-induced SCO.

Balde et al. [47] considered coordination polymers with the general formula
[FeLeq(L ax)]solvent where Leq = 3,3-[1,2-phenylene bis(iminomethylidyne)]bis(2,
4-pentanedionato)(2-)-N,N,O2 ,O2 and 3 different components for Lax such as
4,4-bipyridine(bipy), 1,2-bis(4-pyridyl)ethane (bpea), and 1,3-bis(4-pyridyl)pro-
pane (bppa). Cooperative SCO was previously reported for the bipy linker, which
showed thermal hysteresis, and bpea and bppa-based compounds showed multi-
step transitions.

Novel 1-d Fe(II) SCO coordination polymers with 3,3-azopyridine as an axial
ligand have been synthesized which were found to show kinetic trapping effects
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Figure 1.7: Schematic representation of linear, 1-d coordination polymer in which
chains of metals are linked by organic ligands. The figure is adapted from ref.[50]

and spin transition above room temperature.[48] Combination of rigid links and
a hydrogen bond network between 1-d Fe(II) chains has been recently shown as
a promising tool to trigger SCO with hysteresis loops having widths as large as
∼ 43 K.[49]

Admitting the suitability of such compounds in exhibiting cooperativity there
are several issues that need attention. The key questions are, (a) understanding
the microscopic mechanism, i.e., what is the driving force for the cooperativity
and the hysteresis; and (b) how the cooperativity can be tuned or modified to
suit the specific need. These understandings are expected to provide an advance-
ment of the field in terms of possible commercialization of this technologically
important property which relies on critical parameters of cross-over being close
to ambient conditions, and a large enough hysteresis width. Motivated by this,
we investigate three metal-organic polymers with Fe2+ as TM ion and tetrazole-
based organic ligands consisting of two, four, and six-carbon(C) linkers-based
bridging ligands.

Experimentally, SCO compounds with two and six-C linker show hysteresis
of width (∆T1/2) 29K and 2K respectively with T1/2 around 126K. This indi-
cates that the cooperativity among Fe(II) centers must be different for the three
polymers. Our motivation is to understand how cooperativity among Fe centers
affects while we increase the length of the linkers. Banerjee et al.[51] discussed
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the microscopic origin of cooperativity in the Fe-triazole system as the interplay
of magnetic and elastic interactions existing between Fe centers. In Chapter 5 we
calculate the Fe-Fe magnetic exchange interaction (J) and spin-state dependent
elastic interaction (Ev) from DFT calculation and will finally discuss the driving
force responsible for cooperativity in these SCO compounds.

1.2.3 Thermoelectric materials

Most of the commercially available thermoelectric materials are doped semicon-
ductors such as Bi2Te3, Si1−xGex, and PbTe have ZT around 1.[52] But for practi-
cal purposes, ZT of around 3-4 with TE conversion efficiency 30 % is required.[53]
The difficulty of designing high-performance TE materials arises from the fact
that the electron transport properties are strongly coupled via charge carrier
concentration. As evident from figure-1.8 that the charge-carrier concentration
influences the transport properties such that increased carrier concentration in-
creases σ, electron thermal conductivity κe but decreases the S whereas lattice
thermal conductivity κl remains unaffected being solely controlled by phonon
transport arising from lattice vibration. Hence, there must be an optimal carrier
concentration for which ZT can be maximized. Clearly, the largest value for ZT
is obtained midway between these two extremes (metal or insulator) at a carrier
concentration of about 1019/cm−3 implying that highly doped (degenerate) semi-
conductors are the potential candidates. Best thermoelectrics therefore require
a material that exhibits unusual phonon-glass electron-crystal like features [54].
The electron-crystal requirement stems from the fact that crystalline semiconduc-
tors have been the best at meeting the compromises required from the electronic
transport properties (σ, S and κe). The phonon-glass requirement stems from
the need for as low a κl as possible.

In 1993, Hicks and Dresselhaus suggested that TE performance can be sub-
stantially improved through nanostructuring the materials due to the quantum
confinement of charge carriers in low-dimensional materials.[56] For reduced-
dimensionality materials such as quantum-dot, quantum-well structures, and 2D
materials, the thermal conductivity has been considerably reduced without sig-
nificantly affecting the power factor. High values of ZT, ranging from 1.6 at
300K to 3 at 550K, are reported for Bi-doped n-type PbSeTe/PbTe quantum-dot
superlattice (QDSL) samples grown by molecular beam epitaxy (MBE). Accord-
ing to theoretical calculation, when the diameter of Bi2Te3 nanowires is 5Å,[57]
the ZT value reaches 14, and graphdiyne has a ZT value of 4.8 at 300 K.[58]
On the other hand, layered materials have been proved to be potential thermo-
electrics since 1950, when tetradymites (M2X3, M = Bi/Sb, X = Te/Se) were
identified as the class of semiconductors with the highest TE efficiency and their
TE performance has been further improved over the decades via materials en-
gineering. According to optimal working temperature, the layered TE materials
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Figure 1.8: Schematic of variation of transport properties as a function of charge
carrier concentration adapted from ref.[55]

(Figure-1.9) can be divided into three categories: i) low-temperature TE mate-
rials that operate below 500 K, ii) mid-temperature TE materials (between 500
and 900K), and iii) high-temperature TE materials (above 900 K). Bi2Te3 and its
derivatives from the tetradymite family are studied both as p- and n-type ther-
moelectric materials, considered as best TE materials for near room-temperature
(RT) power generation applications. Bismuth telluride-based TE materials are
being used as TEG in many commercialized Peltier coolers and different renowned
car companies. PbTe and its derivatives are the best thermoelectric materials for
mid-temperature TEGs. But the large-scale production of these materials is lim-
ited because of the toxicity and cost-expensiveness of Pb and Te elements. Recent
experimental measurements revealed that SnSe can be an outstanding thermo-
electric material for the mid-temperature range, both as a p-type [59, 60] and
n-type [61, 62] doping. ZT value of 2D n-type single crystal SnSe can reach
3.1.[59] and hence SnSe is being considered as a potential alternative to PbTe.
Various oxy-chalcogenides with a layered structure such as BiCuSeO [63, 64] and
Bi2O2Se [65, 66] are also getting established as high-performance thermoelectric
materials in the mid to high-temperature range. In a nutshell, layered 2D mate-
rials have been established as potential candidates for TE energy generation over
the past decades due to their favorable electrical and phonon transport properties,
which can be seen from their significantly large ZT (Figure-1.9).
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Figure 1.9: Layered 2D materials discovered in past decades showing its figure of
merit ZT and optimal working temperature adapted from ref.[67]

1.2.4 Layered two-dimensional material

Research on two-dimensional (2D) materials has come to the forefront when An-
dre Geim and Konstantine Novoselov isolate graphene from its three-dimensional
(3D) layered counterpart graphite by using the scotch tape method in 2004 [68].
In 3D layered materials, individual atomic layers (2D) with strong in-plane chem-
ical bonds are stacked on top of each other in out-of-plane direction via weak
couplings such as van-der-Waal interaction, hydrogen bond, and electrostatic in-
teractions. This encompasses a broad category of materials such as graphite,
clays, ceramics, oxides, halides, chalcogenides and MAX phases, which leads to
the possibility of cleaving these 3D materials layer by layer to obtain their 2D
layered counterparts. In the post-graphene era, several layered 2D materials
have been predicted and synthesized. This ever-expanding list includes hexago-
nal boron nitride [69], boron nitride oxide [70], transition metal dichalcogenides
[71], holey carbon [72], recently discovered MXene, mono elemental phases like
silicene [73], germanene [74], stanene [75], phosphorene [76–78], and borophene
[79, 80], comprised of elements from group III to group V, etc.

With the aim of achieving high-performance thermoelectrics, we discuss two
kinds of layered 2D materials in the present thesis. In the first category, we
study the family of transition metal carbides known as MXene in which atomic
layers are formed by multiple elements like TM (M), carbon (X), and passivating
elements (T = O, F, OH) providing more compositional tunability in order to get
desired ZT. In the second category, we study elemental 2D material composed
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of atomic layers formed by only group-VI element Tellurium, known as tellurene
which has been reported to have minimum lattice thermal conductivity among
other known 2D layered material.

MXene

MXene represents the family of TM carbide, nitride, and carbonitride with chem-
ical formula Mn+1Xn where M is 3d/4d TM (such as Sc, Ti, Zr, Hf, V, Nb, Ta,
Cr, Mo, Mn), X is C and/or N and n ε [81]. Since n ranges from 1 to 3, cor-
responding MXene sheets comprise 3, 5, or 7 atomic layers for M2X, M3X2, and
M4X3 respectively. In the MXene structure, the hexagonal layer of X sites is
sandwiched between two M layers and the number of (MX)n -layers are one, two,
and three for M2X, M3X2 and M4X3 class of MXenes. These materials display
many interesting properties, particularly for energy storage both for battery and
supercapacitor electrodes [82].

MXene has no van-der-waal bonded layered precursor like most 2D materials.
Its 3D precursor called the MAX phase is basically two formula units of MXenes
separated by A group element layer (i.e., Group-IIIA and IVA elements such as
Al, Si, Ge, Ga, P, As, In) discovered in 1996. MAX phases can be characterized
by the combination of different bonding characters; while the M-X bonds are
strong directional covalent bonds, M-A bonds are relatively weaker than covalent
M-X bonds, M-M bonding being of metallic nature. M-A bonds are thus too
strong to be broken by shear/mechanical means. Hence MXene is synthesized
from chemical exfoliation of MAX phase (e.g., Ti3AlC2) by selective etching of
A element using suitable etchent (e.g., hydrofluoric acid) followed by sonication.
Titanium carbide (Ti3C2) was the first MXene reported at Drexel University
[83]. MXenes can also be synthesized from non-MAX-phase precursors.[84, 85]
The First MXene of this kind is Mo-based Mo2CTx (T=F/O/OH) which was
made by etching Ga layers from Mo2Ga2C. Despite its similarity to MAX phases,
this phase has two A layers (Ga) separating the carbide layers. Zr3C2Tx was
synthesized by selectively etching aluminum carbide (Al3C3) layers, instead of
just Al layers, from Zr3Al3C5 which is another non-MAX-phase precursor. There
are more than 70 MAX phases are synthesized experimentally out of which only
32 MXenes have been exfoliated. In the exfoliation process, MXene surfaces are
terminated by a mixture of multiple species (T) depending on the etchent. Recent
experiments showed that MXenes with uniform halogen (Cl, Br) and chalcogen
(S, Se, Te) terminations could be synthesized using molten inorganic salts as
etching materials [86].

Discovery of ordered MAX phases leads to the prediction and synthesis of
numerous ordered 2D materials of MXene structure. Out of plane ordered MAX
phase (o-MAX), namely Cr2TiAlC2 in which a Ti-layer is sandwiched between
two outer Cr carbide layers in a M3AX2 structure, was discovered in 2014 [87]. In
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a later study, the MAX phase with Mo-Al bonds namely Mo2TiAlC2 was synthe-
sized [88, 89] wherein TiC2 -layers are sandwiched between Mo-layers. Using ab
initio DFT computations stability of over 20 new, ordered, double-M MXenes, of
the form M2MC2 and M2M2C3, where M (outer layer metal) and M (inner layer
metal) can be Ti, V, Nb, Ta, Cr, or Mo, have been predicted [88, 89]. Each of
these predicted MMXenes have multiple surface termination groups, such as F,
O, or OH. In 2015 Anasori et al. successfully synthesized [88, 89] the ordered
double TM 2D MXenes, such as Mo2TiC2, Mo2Ti2C3, and Cr2TiC2. In all cases,
the C atoms occupy the octahedral sites between the M-M layers. The first in-
plane ordered MAX phase (i-MAX) was discovered in 2017 (Mo2/3Sc1/3)2AlC, a
211 MAX phase with M sublattice populated by Mo and Sc in a 2:1 ratio show-
ing an in-plane chemical order [90]. Furthermore, selective etching of Al and Sc
produced a novel 2D material with ordered divacancies, Mo1.33C MXene, which
displayed superior volumetric capacitance compared to other 2D materials. Un-
like oMAX or conventional MAX phase of hexagonal structure (s.g.:P63/mmc),
iMAX phases have base-centered monoclinic structure (s.g.:C2/c).

Figure 1.10: Crystal structure of MAX(top) and its MXenes (down) (a) M3AX2

, (b) o-M’2M”AX2, and (c) i-(M’2/3M”1/3)2AX. The figure is taken from ref.[91]

Electronic properties of MXenes are attractive as they can, in principle, be
decided by the choice of their composition M, X, and T. The pristine M2X (X=C,
N) systems are all metallic with the Fermi energy located at the d bands of the
transition metals. In most MXenes, the p bands of C/N are below the d bands of
the transition metals and these bands are separated by a small band gap. Surface
terminating elements play a crucial role in determining the electronic structure as
well as magnetic properties of MXene compounds. Sc2CT2 (T=F,OH,O), M2CO2

(M=Zr, Hf) and (M2/3M1/3)2CO2 (M=Mo,W; M=Sc,Y) become semiconducting
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upon surface functionalization [92, 93]. The electronegative termination -F, -OH,
and -O receives one and two electrons from the outer transition metal layers re-
spectively, and generates a new band below the Fermi energy, hybridized with
the M d orbitals. This reduces the DOS at the Fermi surface or lowers the Fermi
surface. Hence, Sc2CT2 (T=F, OH, O), M2CO2 (M=Zr, Hf) become semicon-
ducting because the Fermi energy is located at the center of the gap between the
M d bands and the X p bands after functionalization.

Anasori et.al [89] found that ordered structures are in the ground state for
most of the 212 MXenes and for all the 223 MXenes. The calculated density of
state of Mo2TiC2 MXenes with hydroxyl (-OH), fluorine (-F), and oxygen (-O)
termination is found to be similar to that of Mo3C2 but very different from Ti3C2

MXenes. This suggests that the electronic property of fully ordered double tran-
sition metal MXenes will be mainly controlled by the outer transition metal with
a small influence from the inner transition metal. Moreover, DFT predictions are
validated by synthesizing Mo2TiC2, Mo2Ti2C3, Cr2TiC2, and their electrochem-
ical results. Moreover, DFT calculations showed that replacing the two outer
layers of Ti in Ti3C2(OH)2 by Mo, to form Mo2TiC2(OH)2, while keeping the
same surface termination -OH, changed the electronic structure to a semicon-
ductor with a narrow band gap (∼0.05 eV). The same behavior is predicted for
Mo2Ti2C3(OH)2. The energy bandgap is found to be tunable in the range of
1.25 to 1.80 eV in M’2(1−x)M2xCO2 (M’ and M” are Ti, Zr, and Hf) solid-solution
MXenes. Among these MXenes, the Ti2(1−x)Zr2xCO2 alloy with x = 0.2778 is pre-
dicted to have the most appropriately aligned band edges for photocatalytic water
splitting [94]. The origin of the band gaps in (M2/3M1/3)2CO2 is the splitting of
d-orbital bands due to the crystal field around the transition metals surrounded
by C and O atoms. The states near the Fermi energy are t2g bands hybridized
with C and O p orbitals via dpπ coupling, which split widely, resulting in finite
band gaps.

The high value of DFT computed non-spin-polarized density of states at the
Fermi level (EF ) suggests magnetic instability. According to Stoner theory [95],
the stability of magnetic states is given by N(0) > 1/I, where N(0) is the density
of states at (EF ) and I is the Stoner parameter. Plugging in I for M site in MX-
ene, several of them are expected to be magnetic. Considering the magnetism of
metal atoms, one may expect different possible arrangement of TM spins within
the single-unit MXene structure. It can be ferromagnetism (FM) with parallel
alignment of all TM spins, or it can be antiferromagnetism (AFM) with certain
spin arrangements (A-type, C-type, or G-type). In the case of A-type, the in-
tralayer TM spins are aligned parallelly, while those between the layers are aligned
in an antiparallel manner. The reverse is true for C-type AFM with intralayer
TM spins aligned antiparallelly and TM spins between layers aligned parallelly.
For G-type AFM, the metal spins are aligned antiparallelly in all directions.

Robust half-metallic ferromagnetism supported by high magnetic moments
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(up to 9 µB per unit cell) and high Curie temperatures has been reported in
Mn2NTx with different surface terminations (T = O, OH, and F), as well as
in Ti2NO2 and Cr2NO2, while the intralayer AFM ground state was found in
Ti2NF2, Ti2N(OH)2, V2NF2, V2NO2, V2N(OH)2, Cr2NF2, and Cr2N(OH)2 [96].
Following the MXenes with single TM, magnetism in ordered phases of MXene
also depends on its surface termination. O-MXenes such as Cr2MC2T2 (M”= Ti
and V, T = F, OH, and O) can be nonmagnetic (Cr2TiC2O2), antiferromagnetic
(Cr2TiC2F2 and Cr2TiC2(OH)2), or ferromagnetic (Cr2VC2(OH)2 , Cr2VC2F2 ,
and Cr2VC2O2) [97]. Gao et.al performed systematic DFT calculations to in-
vestigate the magnetic and electronic properties of 319 i-MXenes with a general
chemical formula (M2/3M’1/3)2X, focusing particularly on the cases where M’ is
magnetic where M=Sc, V, Mo, Nb, Ta, Ti, Zr, Hf [98].

Different MXenes have been predicted with varying values of in-plane elastic
moduli [99, 100]. According to theoretical investigations by Fu et al., the function-
alization by oxygen groups in Ti3C2 (Ti3C2O2) causes enhancement in strength.
This was attributed to the charge transfer from inner Ti-C bonds to the external
Ti-O surface bonds, hindering irreversible deformation and a subsequent need for
high critical stress for lattice failure [101]. A study carried out by Chakrabarty
et al. [102] on Ti2C highlighted the important role of magnetostructural coupling
present in MXene which significantly influence their mechanical properties. They
showed that AFM Ti2C will withstand significantly higher strain as compared
with its nonmagnetic counterpart. The same study also explored the effect of
substitutional doping of V at M and B at X sites of Ti2C MXene [102]. The
study predicted that B doping at X site [ Ti2(C0.5B0.5)] significantly improves the
elastic properties by reducing the in-plane stiffness and Youngs modulus as well
as extending the yield strength for the biaxial and uniaxial strains.

Semiconducting MXenes, Sc2CF2, Sc2C(OH)2, Sc2CO2, Ti2CO2, Zr2CO2, and
Hf2CO2 are predicted to attain large Seebeck coefficients at low temperatures sug-
gesting MXene as good thermoelectrics [103]. Khazaei et al.[104] predicted the
electronic transport properties of more than 35 kinds of different functionalized
MXene monolayers and multilayers of the type M2CT and M2NT, M=Cr, Ti, Mo,
Zr, and Hf, etc and T= O, F, OH. Gandi et al.[105] calculated the lattice ther-
mal conductivity (κl) of O passivated Ti-, Zr-, and Hf- based MXenes and found
the highest figure of merit for Ti2CO2 (ZTmax = 0.45). The study by Kumar
et al.[106] predicted the semiconducting Sc2CT2 (T = OH) MXenes with ZTmax

value of 0.5 at T=900K. Due to its excellent thermal stability in the air, MXene
can be classified as high-temperature TE material [107–109]. The discovery[88]
of ordered double transition metal provided the further opportunity on expand-
ing on the possible list of MXene compounds with potential TE properties. The
presence of two transition metals instead of a single one, as in conventional MX-
ene compounds, offers even better flexibility in tuning properties. Kim et al.[110]
reported the measured electronic transport properties of Mo-based double TM
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MXene (Mo2CTx, Mo2TiC2Tx, and Mo2Ti2C3Tx; Tx: mixed termination of O. F,
OH group). Jing et al.[111] predicted the thermoelectric performance of semicon-
ducting Cr2TiC2 and Cr2TiC2T2 (T= F or OH) MXene and found large Seebeck
coefficients of ∼ 800, 700 and 600 µVK−1, respectively. The figure of merit of
p-type Cr2TiC2(OH)2 was predicted to reach as high as 3.0 at 600K.

Motivated by the above, we focus on Mo and Ti-based double transition metal
MXenes, namely Ti3−xMoxC2T2 with T = -O/-F/-OH. The Mo concentration is
varied over a wide range with x = 0.5, 1, 1.5, 2, 2.5 in order to understand the
systematic evolution of properties upon increasing (decreasing) Mo (Ti) concen-
tration. x = 1 and 2 of the series correspond to stoichiometric compositions of Ti
and Mo in 2:1 and 1:2 ratio, out of which x = 2 is the experimentally synthesized
Mo2TiC2T2 composition.[87]. This study has been discussed in Chapter 6.

Tellurene

After the discovery of graphene, several elemental 2D materials in monolayer
form have been predicted and synthesized for almost 20 years, most of which
comprise elements from group III to group V. In comparison, only a few stud-
ies on 2D materials composed of group VI elements selenium (Se) and tellurium
(Te) have been reported.[112, 113] In 2017, 2D nanoflake of Te was successfully
fabricated [114, 115], having the ability to surpass several major drawbacks man-
ifested in existing 2D materials, such as the zero band gap of graphene [116],
the environmental instability of black phosphorus (BP) [117] and the low current
mobility of transition metal dichalcogenides (TMDCs) [118]. It possesses excel-
lent environmental stability, tunable bandgap, nonlinear optical responses, and a
high carrier mobility (∼ 103 cm2V−1s−1) at room temperature. [119–121] These
properties are fundamental for practical applications, such as high-performance
photodetectors, field-effect transistors (FETs), and modulators. In addition, 2D
Te nanoflakes possess unique helical chain structures [114], giving rise to high
carrier mobility and strong in-plane anisotropic properties. Structural symmetry
breaking and flexible mechanical properties of the 2D Te nanoflakes provide a
large in-plane piezoelectric coefficient, which enables it to be a potential material
for piezoelectric devices.

The most stable structure of bulk Te is trigonal at ambient pressure having
three equivalent Te atoms (Wyckoff position 6c) in the unit cell. Each Te atom is
covalently bonded with its two nearest neighbors (bond length = 2.89Å) forming
a helical chiral (either right-handed with space group P3121 or left-handed P3221)
chain which runs along the 3 fold screw axis (c-direction) and stacked together
along a and b-direction. In the helical chain, each one-third of atoms are straightly
above other atoms, so that the projected plane of the chain forms an equilateral
triangle.

Tellurene can form a stable monolayer (ML) having three different phases
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Figure 1.11: Top and side views of the optimized structures of tellurene in differ-
ent phases: (a) α-Te, (b) β-Te, and (c) γ-Te. The surface Brillouin zones for α (or
γ) and β phases are drawn in (d). The dashed lines indicate the unit cell of each
structure. The total charge density of each structure is plotted at the horizontal
and vertical cross sections indicated by the blue dotted lines. The figure is taken
from ref.[114]

caused by the inherent multivalency of Te, namely the most stable 1T-MoS2

-like α-Te, metastable tetragonal β- Te and 2H-MoS2 -like γ-Te (figure-1.11).
Crystal structure of ML phases of tellurene are explained as follows: β phase
tellurene structure has P2/m space group symmetry, i.e., it has a twofold axis
along the a-direction with mirror planes perpendicular to this axis. It consists of
2 inequivalent Te atoms in the unit cell i.e., Te1,3 of Wyckoff position 4o and Te2
of Wyckoff position 1g with 2 kinds of Te-Te bonds of lengths: Te1-Te2 = Te1-
Te4 = 3.03Åand Te2-Te3 = 2.77Å. α phase of tellurene consists of 2 inequivalent
Te atoms in the unit cell i.e., Te1,3 of Wyckoff position 12k and Te2 of Wyckoff
position 2a with all equal kinds of Te-Te bonds of length 3.04Å. It completely
loses the original chain structure in the bulk phase but it is similar 1T-MoS2

structure, which belongs to the P3̄m1 space group. The squared buckled phase
of C2/m space group symmetry consists of 2 inequivalent Te atoms in the unit
cell i.e., Te1 of Wyckoff position 8j and Te2 of Wyckoff position 4i with 3 kinds of
Te-Te bond of length: short bond = 2.87Å, medium bond = 3.05Å, long bond =
3.21Å. β phase Te is 30 meV/atom lower than α phase and 60meV/atom lower
than buckled square phase. Overall, the β phase is the most stable of all.

α and β- Te is found to be narrow band gap semiconductor but γ-Te is metal.
In the absence of a bulk layered counterpart, tellurene should be grown epitax-
ially on proper substrates. Chen et al. have successfully synthesized ultrathin
layers tetragonal β -tellurene on highly oriented pyrolytic graphite (HOPG) by
using molecular beam epitaxy.[122] Wang et al. fabricated air-stable and high-
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performance field-effect transistors using β tellurene synthesized by substrate-free
solution process.[119] Xian et al. predicted new phase of tellurene ML with chair-
like square buckled structures showing nontrivial topological properties.[123] Few-
layer (FL) tellurene structures and possible phase transition among them are
studied by Xiang et al.[123]

The electron configuration of Te is ns2np4. The covalent bonds between intra-
chain Te atoms are formed between two unpaired p electrons of adjacent atoms
and lone pair of p electrons interact between two interchain Te atoms. Thus, the
interchain interaction is weaker than the intrachain one in the bulk phase. Spin-
orbital coupling (SOC) has a significant influence on the electronic structure of
tellurene. The inclusion of SOC transforms the unstrained β-Te from indirect to
direct band gap semiconductor at high symmetry Γ point of energy gap 0.98 eV.
Such a narrow band gap is beneficial for improved electron transport properties.

Furthermore, the room temperature lattice thermal conductivity of 2D Te
was reported to be the lowest among existing 2D materials, e.g. 2.16 and 4.08
Wm−1K−1 along arm-chair and zigzag directions of 2D crystal structure of Te
[124] compared to 3080-5150 Wm−1K−1 for graphene [125] or 101.43 Wm−1K−1

and 110.30 Wm−1K−1 along arm-chair and zigzag-direction of MoS2.[126] Such
low thermal conductivity is attractive from the perspective of thermoelectric (TE)
applications. Following this, calculations were carried out and 2D Te, or tellurene,
was found to reach a room temperature ZT value of 0.79 by p-type doping with
the dopant concentration of 1013 cm−2 in square-Te [127], while that in the β
structure was found to show a much better performance, can reach to 2.9 [128],
especially at high temperature (700K). It will be thus worth exploring how the
thermoelectric performance of 2D Te can be further improved. This study has
been discussed in Chapter 7.

1.3 Overview of present thesis

In the previous section, we discussed a diverse class of materials with intriguing
properties that are technologically important as well as indigenous. Understand-
ing and prediction of such materials need synergy and combined efforts among
Nano- and Meso-scale Science, Advanced Instrumentation, Materials synthesis as
well as Modelling and Simulation In particular, the present thesis focuses only on
modeling and simulation part in two classes of problems. (1) Spin-Crossover and
(2) Thermoelectricity.

The present thesis will primarily make use of the power of density func-
tional theory (DFT) based computation in addressing such problems and has
been organized into two parts. In the first part, known Fe(II) based SCO com-
plexes are studied focusing on their LIESST properties. After establishing our
computational approach, a correlation has been built between the observed low-
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temperature relaxation rate and the corresponding metal-ligand covalency of the
complexes. We further study several Fe(II) tetrazole-based coordination polymers
exhibiting distinct spin transition behavior. We will discuss the spin-dependent
elastic and magnetic interactions affecting cooperativity among Fe(II) centers
responsible for the spin transition. In the second part, we investigate the ther-
moelectric properties of known layered 2D materials. We consider double TM
carbides known as MXene with alloyed structure and predict new semiconducting
compounds under the MXene family that show enhanced thermoelectric proper-
ties at high temperatures. Next, we consider elemental 2D materials composed
of group-VI element Tellurium known as Tellurene, and show how thermoelectric
properties can be improved with the application of biaxial strain which can be
imposed on tellurene through van der Waals heterostructing with other known
2D materials.

The contents of the subsequent chapters discussed in the present thesis have
been summarized as follows.

Chapter 2 : In this chapter, we discuss the computational methodology em-
ployed in our calculations. This contains a background study of the techniques
that we use to solve many-electron Hamiltonian for molecules as well as solid-state
systems. We will explain both wave-function-based and density-functional-based
approaches. We will briefly discuss the density functional theory used to com-
pute ground state properties for both SCO compounds as well as thermoelectric
compounds and the time-dependent density functional theory used to compute
excited states of SCO complexes. We will further solve Boltzmann transport
equations for electrons as well as phonons to estimate the transport properties of
thermoelectric materials.

Chapter 3 : LIESST process is investigated computationally in an SCO
model system, derived out of [Fe(abpt)2(NCS)2] consisting of Fe(II) SCO cen-
ter coordinated by bidentate as well as monodentate ligands. For this purpose,
we use two complementary techniques: (a) time-dependent density functional
theory (TDDFT) with the choice of different exchange-correlation functional and
(b) multireference approach of complete active space self-consistent field and com-
plete active-space second-order perturbation (CASPT2) theory. We calculate the
potential energy curves (PECs) of low-energy states, as well as spin-orbit cou-
plings at crossing points of these PECs. Inputting these pieces of information, and
the information related to nuclear degrees of freedom within the Franck-Condon
theory, we compute the relaxation rates of possible LIESST mechanisms, as sug-
gested by the two approaches. Our findings conclude that TDDFT is a reasonable
approach to estimate the relaxation rates of real complexes, consisting of several
tens to several hundreds of atoms, given its computationally inexpensive nature
compared with that of the multireference approaches.

Chapter 4 : Our previous study of the LIESST phenomenon on the SCO
model system suggests that TDDFT with a suitable choice of exchange-correlation



1.3. Overview of present thesis 25

function is a reasonable approach to estimating the relaxation rates of real com-
plexes. Following that LIESST phenomena in a number of Fe(II) spin crossover
complexes, coordinated by monodentate, bidentate and multidentate ligands have
been studied, with the goal to uncover the trend in the low-temperature relax-
ation rate. Out of 21 exchange-correlation functionals of six different kinds, we
chose range-separated hybrid functional taking thermal spin transition tempera-
ture (T1/2 as experimental input capturing the correct electronic HS-LS energy
gap for each complex and hence employed to estimate relaxation rate. A nine-
order-of-magnitude change in low-temperature relaxation rate is observed among
the complexes. The trend is rationalized in terms of the change in metal-ligand
covalency, numerically estimated by the crystal orbital Hamiltonian population,
thus influencing the back donation or delocalization of the electrons from the low-
lying Fe(II)-centered molecular orbital to the empty low-lying ligand-centered π∗

antibonding molecular orbitals.
Chapter 5 : In this chapter, we investigate three metal-organic polymers

with Fe2+ as TM ion and tetrazole-based organic ligands consisting of two, four,
and six-carbon(C) linkers respectively. Experimentally, SCO compounds with
two and six-C linker show hysteresis of width (∆T1/2) 29K and 2K respectively
with T1/2 around 126K. This indicates that the cooperativity among Fe(II) cen-
ters must be different for the three polymers. Our motivation is to understand
how cooperativity among Fe centers affects while we increase the length of the
linkers. Banerjee et al. discussed the microscopic origin of cooperativity in the
Fe-triazole system as the interplay of magnetic (J) and spin-dependent elastic in-
teractions (Ev) existing between Fe centers.[51] Our calculations show that Ev for
all the compounds are of anti-ferroelastic type and decrease as we move from two
to four and six C- linker SCO compounds. J turns out to be anti-ferromagnetic
showing a similar trend as that of Ev.

Chapter 6 : In this chapter, employing first-principles electronic struc-
ture calculations, we investigate the stability, electronic and magnetic proper-
ties of ordered, double transition metal-based, two-dimensional MXene com-
pounds, Ti3−xMoxC2 (x = 0.5, 1, 1.5, 2, 2.5). Both unpassivated and com-
pounds passivated with -OH or -O or -F are considered in o-MXene and i-
MXene phases. All passivated compounds prefer an o-MXene phase with an anti-
ferromagnetic ground state. Three narrow gap semiconducting compounds are
identified, namely, Ti2MoC2F2, TiMo2C2F2 and TiMo2C2(OH)2 for subsequent
study of thermoelectric properties within the formalism of Boltzmann transport.
Our study highlights the potential of Ti2MoC2F2 as thermoelectric material with
a ZT value higher than 1 within a large temperature range of 300-800 K upon p-
type carrier doping. The ZT value of p-type Ti2MoC2F2 is found to reach a high
value of 3.1 and efficiency of ∼ 27 % at 800 K. To the best of our knowledge, while
the double transition metal MXene, Mo2TiC2 has been synthesized, Ti2MoC2 has
not been synthesized. Our exercise should motivate the experimental study of
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this yet-to-be-synthesized MXene compound.
Chapter 7 : In this chapter, we investigate the influence of biaxial strain on

group VI elemental 2D material of tellurium, which has been discussed for its po-
tential in various applications. Considering realistic estimates of strain that may
be imposed on monolayer Te through van der Waals heterostructing with other
known 2D materials, we demonstrate that the structural, electrical, and thermal
transport properties can get strongly influenced by strain. Importantly, through
strain engineering, the thermoelectric performance of elemental 2D Te in p-type
doping can be made comparable to that of the known binary or ternary layered
compound at room temperature and can outperform the known binary or ternary
layered compounds at high to moderate temperature. The ZT of monolayer Te
is found to reach a value of 6.07 at 800 K under tensile strain, being larger than
2 for temperatures greater than 400 K. Our study provides a way to tune the
thermoelectric properties of 2D Te for future applications.

Chapter 8 : In this chapter, we provide a summary of results obtained from
our study of SCO compounds as well as thermoelectric compounds. In addition,
the future scope of work has also been discussed here.
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Chapter 2

Methodology

The present thesis deals with the modeling and simulation of two broad classes of
materials, a) Spin Crossover (SCO) molecular materials exhibiting light-induced
excited spin state trapping (LIESST) phenomena and coordination polymers ex-
hibiting thermally activated spin transition, b) Layered 2D materials like MXene
and tellurene exhibiting thermoelectric (TE) properties. In this chapter, we dis-
cuss the computational tools used to understand these complex materials and
to predict their structure-property relationship. In the following we first provide
a brief summary, followed by a detailed background of the methodology in the
subsequent sections.

• SCO molecular complexes and coordination polymers

– Calculation of relaxation rate of LIESST process in molecular ma-
terials as described in the previous chapter requires an accurate de-
scription of both ground and excited electronic states. Considering a
model system we first tested the applicability of both wave function-
based approaches such as complete active space self-consistent field
(CASSCF) and complete active space second-order perturbation the-
ory (CASPT2) and density functional theory (DFT) based approach
of Time-Dependent DFT (TDDFT) to determine the rate constant.
Based on this exercise, we next employ the TDDFT-based scheme
with a suitable choice of exchange-correlation functional to explain
the observed trend in the relaxation rate of the LIESST process for a
range of SCO molecular complexes.

– To explain the thermal spin transition behavior of tetrazole-based co-
ordination polymers, we follow the model Hamiltonian approach pro-
posed by Banerjee et al. We estimate magnetic exchange and spin-
dependent elastic exchange interaction among SCO centers of differ-
ent polymers from DFT calculations, serving as the parameters of the
proposed model Hamiltonian.
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• Two dimensional (2D) TE materials

– Transport properties of layered materials are modeled within the frame-
work of semi-classical Boltzmann transport theory under rigid band
approximation and relaxation time approximation. Both electronic
and lattice transport equations are solved by inputting the electronic
and phonon band structure respectively calculated within DFT.

In the following, we present details of each technique along with the underlying
methodology.

2.1 Many Body Hamiltonian

The microscopic description of the physical and chemical properties of materi-
als composed of electrons and nuclei is governed by the kinetic energy of these
components and the interactions (coulombic) among them. This ensemble of
particles may be in the gas phase forming molecules and clusters or in a con-
densed phase forming crystalline or amorphous, homogeneous or heterogeneous
solids and liquids. The most general form of the Hamiltonian of the system of N
electrons and P nuclei (neglecting relativistic effect, magnetic field, and quantum
electrodynamics for simplicity) is given by,

H = −
P∑
I=1

~2

2MI

∇2
I −

N∑
i=1

~2

2mi

∇2
i +

e2

2

N∑
i=1

N∑
j 6=i

1

|ri − rj|

−e2

P∑
I=1

N∑
i=1

ZI
|RI − ri|

+
e2

2

P∑
I=1

P∑
J 6=I

ZIZJ
|RI −RJ|

, (2.1)

where, R = { RI }, I=1,...P, are P nuclear coordinates, and r = { ri }, i=1,N,
are a set of N electronic coordinates. ZI and MI are the P nuclear charges and
masses respectively. mi are the N electronic masses each of charge e.

The first and second terms of the Hamiltonian are kinetic energy terms of ion
(Tn) and electrons (Te) respectively. The coulomb interactions between electron-
electron (Vee), electron-ion (Vne), and ion-ion (Vnn) are represented by the last
three terms respectively. Therefore to obtain many body eigenstates or wave
function Ψi(r,R) one needs to solve the following time independent Schrödinger’s
Equation:

HΨi(r,R) = EiΨi(r,R) (2.2)

Finding an exact analytical solution for the Eqn. (2.2) is possible only in a few
cases like hydrogen atoms because it involves a large number of degrees of freedom
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and coulomb interaction of many body natures making the above equation non-
separable. Therefore to solve this Hamiltonian for real materials one needs to do
approximations at different stages.

The first important approximation in simplifying the many-body problem is
Born-Oppenheimer (BO) Approximation (1927).[1] As the mass MI of the nuclei
is much greater than the mass me of electrons (a ratio of 1836 to 1), nuclei move
much slower compared to electrons and electrons can be considered to be moving
in the field of nuclei which are apparently frozen with respect to the time scale of
electrons. This approximation is also known as Adiabatic approximation, within
which electronic and nuclear motion can be decoupled. Thus the electronic part
of the Hamiltonian can be written for a fixed nuclei configuration as:

He = Te + Uee + Vne + Unn (2.3)

where the last term Unn is a constant term arising from ion-ion interaction, known
as Madelung energy, and can be obtained classically.

BO approximation reduces the many-body Hamiltonian to many-electron
Hamiltonian. Even after this simplification solving the eigenvalue problem for
the Hamiltonian given in Eqn. (2.3) is challenging due to the interacting nature
of the electrons. If two electrons with the same spin interchange positions, the
wave function Ψ(ri) must change sign. This property is called ”exchange” and
is a manifestation of the Pauli exclusion principle. Furthermore, each electron
is affected by the motion of other electrons which is known as the ”correlation”
property. Independent electron approximation is the next level approximation
where electrons are considered as independent particles moving in the mean field
created by the other electrons and the nuclei. Basically, it maps the interacting
electrons into a system of non-interacting electrons that effectively resemble the
original system. This is an appropriate description when the effects of exchange
and correlation are not strong enough so that their effect can be treated in an
average way.

There are two different approaches to such independent electron approxi-
mation. (a) The wave function based approach[2] as implemented in Hartree,
[3], Hartree-Fock (HF)[4], configuration-interaction (CI)[5] methods. (b) The
density-based approach as implemented in the Kohn-Sham density functional
theory (DFT). [6–8] The main disadvantage of the wave function-based method
is the heavy computational cost even for a simple system, which increases expo-
nentially with system size for capturing the detailed wave function. On the other
hand, DFT is much less expensive but provides a cruder description of electron
correlation.
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2.2 Wave function-based approach

2.2.1 Hartree Theory

The many-body Hamiltonian for a system of N interacting electrons under BO
approximation can be written as,

He = Te + Vne + Uee =
N∑
i=1

h(ri) +
1

2

N∑
i 6=j

e2

rij
, (2.4)

writing |ri − rj| = rij,
where,

h(r) = − ~2

2m
∇2 + Vne =

p2

2m
+ Vne, (2.5)

and the many-body eigenvalue problem is written as,

HeΨ(r1σ1, r2σ2, ..., rNσN) = EΨ(r1σ1, r2σ2, ..., rNσN), (2.6)

where ri σi are the space and spin variables for the ith electron.

According to Hartree’s theory proposed in 1928, the ground state wave-function
of the N electron system can be expressed as a simple product of N orthonormal
one-electron spin orbitals of the form,

Ψ(r1σ1, r2σ2, ..., rNσN) = ψ1(r1σ1)ψ2(r2σ2)...ψN(rNσN). (2.7)

ψi(rσ)}= φi(r)χi(σ) form the complete set of orthonormal spin orbitals, where
φi(r) and χi(σ) are spatial orbitals and spin functions respectively, and σ could
be either spin up α or spin down β. ri σi are the space and spin variables for the
ith electron. Clearly, any given electron is assigned to some given spin-orbital.

The electronic charge density ρ(r) corresponding to the Hartree wave function
(2.12) is given by,

ρ(r) = −e
occ∑
j

φ∗j(r)φj(r), (2.8)

where the sum runs over all occupied spin orbitals, entering the ground state Ψ.
The Coulomb Potential corresponding to the electronic charge density (2.7) is

Vcoul(r) =
occ∑
j

∫
φ∗j(r

′)
e2

|r− r′|
φj(r

′)dr′. (2.9)
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We note that VCoul(r) is also known as Hartree potential V H
i (r). The physical

significance of V H
i (r) is the following.

Each electron moves in the effective field corresponding to the Coulomb po-
tential generated by the charge distribution of all the other (N-1) electrons; the
effective field for any electron is given by the Hartree Potential. Thus the spin-
orbitals entering the product wave function satisfy the Hartree equation.

[
p2

2m
+ Vne + V H

i (r)]ψi = εiψi. (2.10)

Here εi was introduced as a Lagrange multiplier in order to take the variation
in wavefunction ψi, keeping in mind the orthonormality of wavefunctions.

∑
i εi

denotes the total energy of the system which includes the electronic energy plus
the ion-ion repulsion energy. Now the Hartree function can be determined in a
self-consistent method. From a certain initial guess of the functions, ψ1, ψ2, ...ψN
one evaluates the space charge distribution as given in Eqn. (2.8), and the corre-
sponding Hartree Potential as given in Eqn. (2.9). A new set of improved wave
functions are then calculated by solving Hartree Eqn. (2.10). The corresponding
Hartree Potential is used to again start a new cycle. This iterative process is
repeated up to self-consistency of input and output functions and potentials.

2.2.2 Hartree-Fock Theory

In 1930 Slater and V. A. Fock independently pointed out that Hartree’s theory
does not obey the principle of antisymmetry of the wave function, which should
be the case as electrons are fermions.[4] It was subsequently found that Slater
determinant, a determinant of one-electron orbitals, first used by Heisenberg and
Dirac in 1926, satisfies this antisymmetric property and will thus be appropriate
wavefunction to be used rather than the product form of wavefunction used in
Hartree theory. Thus taking together the Hartree type wave-functions to form a
properly anti-symmetrized wave function for the system, we may write,

ΨHF ({ri}) = A{φ1(r1)φ2(r2)...φN(rN)}, (2.11)

where A is the anti-symmetrization operator,

A =
1√
N !

N∑
i=1

(−1)piPi, (2.12)

The sum extends over all the N ! permutations Pi of the electronic coordinates
and (−1)pi equals +1 or -1 for permutations of even or odd class with respect to
the fundamental one. ΨHF is normalized to one provided the composing orbitals
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are orthonormal. Putting expression (2.12) into (2.11) ΨHF can be conveniently
written in the determinantal form suggested by Slater,

where N is the total number of electrons. This has the required property
since interchanging the position of two electrons is equivalent to interchanging
the corresponding columns in the determinant, which changes its sign. It also
shows that any two electrons with the same spin cannot be in the same spatial
position, since the nodes of ΨHF occur whenever

ri ≡ rj.

The total energy with the Hartree-Fock wave function is

EHF = 〈ΨHF |He|ΨHF 〉,

EHF =
N∑
i

〈φi|−
~2∇2

2m
+Vne(r)|φi〉+

e2

2

N∑
i 6=j

〈φiφj|
1

|r− r′|
|φiφj〉−

e2

2

N∑
i 6=j

〈φiφj|
1

|r− r′|
|φjφi〉,

(2.13)
and Using variational principle, we obtain the single particle Hartree-Fock equa-
tions as follows,

[−~2∇2

2m
+ Vne(r) + V H

i (r)]φi(r)]− e2

N∑
j 6=i

〈φj|
1

|r− r′|
|φi〉φj(r) = εiφi(r). (2.14)

The last term is called the exchange term which is not present in the Hartree
equation. The exchange term describes the effects of exchange between electrons
introduced in the Hartree-Fock wave function by construction.

We define the single-particle and total densities as,

ρi(r) = |φi(r)|2,

ρ(r) =
N∑
i

ρi(r),
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Then the Hartree term can be written as,

V H
i (r) =

∑
j 6=i

∫
ρj(r

′)
e2

|r− r′|
dr′ = e2

∫
ρ(r′)− ρi(r′)
|r− r′|

dr′, (2.15)

Now constructing the single-particle exchange as

ρXi (r, r′) =
∑
j 6=i

φi(r
′)φ∗i (r)φj(r)φ∗j(r

′)

φi(r)φ∗i (r)
, (2.16)

single-particle HartreeFock equations take the form as,

[−~2∇2

2m
+ Vne(r) + V H

i (r) + V X
i (r)]φi(r) = εiφi(r). (2.17)

Thus the exchange potential, in analogy to the Hartree Potential, is given by,

V X
i (r) = −e2

∫
ρXi (r, r′)

|r− r′|
dr′. (2.18)

The Hartree and exchange potentials together give rise to the electron-electron
interaction in the Hartree-Fock approximation with the following potential,

V HF
i (r) = e2

∫
ρ(r′)

|r− r′|
dr′ − e2

∫
ρXi (r, r′) + ρi(r

′)

|r− r′|
dr′, (2.19)

This can be written with the help of Hartree-Fock density,

ρHFi (r, r′) =
∑
j

φi(r
′)φ∗i (r)φj(r)φ∗j(r

′)

φi(r)φ∗i (r)
, (2.20)

as the following expression for electron-electron interaction potential,

V HF
i (r) = e2

∫
ρ(r)′

|r− r′|
dr′ − e2

∫
ρHFi (r, r′)

|r− r′|
dr′. (2.21)

The first term represents the total Coulombic repulsion common for all states
φi(r), while the second term gives the effect of fermionic exchange, and is different
for each state φi(r). The flow chart for the algorithm of the Hartree-Fock self-
consistent method is shown in Figure 2.1.

2.2.3 Post HF methods

The Hartree-Fock method replaces the explicit electron-electron interaction with
an average interaction, called mean-field approximation.[2] The difference be-
tween the Hartree Fock energy (EHF ) and the exact (correlated) electronic energy
at a certain basis is called correlation energy (Ecorr), given by,

Ecorr = Eel − EHF (2.22)
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Figure 2.1: Algorithmic flowchart illustrating the Hartree−Fock method.

This correlation energy can be further separated into dynamic and static cor-
relation. Static correlation is the correlation caused by the near degeneracy of
orbitals in the valence space (e.g., d-orbitals of TM ions) while all other correla-
tions are dynamic correlations. To retrieve some or all of the missing correlation
energy, different post-Hartree-Fock methods have been established.

Configuration interaction

The primary idea of configuration interaction (CI) is to diagonalize the N -electron
Hamiltonian in a basis of N electron functions.[2, 5] In other words, we represent
the exact wave function as a linear combination of N -electron trial functions and
use the linear variational method. The full form of the CI wave function can be
given as

|φ〉 = c0 |ψ0〉+
∑
ar

cra |ψra〉+
∑
a<b
r<s

crsab |ψrsab〉+
∑
a<b<c
r<s<t

crstabc
∣∣ψrstabc

〉
+ · · · (2.23)

where |ψ0〉 is the closed-shell restricted Hartree-Fock (HF) determinant. Suppose
we have solved HF equations in a finite basis set and obtained a set of 2k spin
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orbitals {χi} and 2k > N . {|ψra〉} are the singly excited determinants which
differ from |ψ0〉 in having the spin-orbital χa replaced by χr meaning one electron
occupied in χa orbital in the HF ground state has been promoted to χr, |ψrsab〉 are
the doubly excited determinants, etc. Therefore there can be such 2kCN excited
determinants formed from these spin orbitals but they can not form a complete N
electron basis. However, diagonalizing the finite Hamiltonian matrix formed from
this set of determinants leads to solutions that are exact within the one-electron
subspace spanned by the 2k spin orbitals or, equivalently within the N -electron
subspace spanned by the 2kCN determinants. This procedure is called full CI
(FCI). But with an increase in system size i.e. no. of electrons and orbitals, it
becomes computationally very expensive to calculate FCI energy for a system.
To make the calculations computationally affordable, the FCI can be performed
in a truncated space, such as the valence space, in Multi-configurational Self-
Consistent Field (MCSCF) Theory.

Multi-configurational Self-Consistent Field (MCSCF)

In MCSCF theory,[9] the wave function is written as a linear combination of de-
terminants of configuration state functions (CSFs), whose expansion coefficients
are optimized simultaneously with the molecular orbitals (MOs) according to the
variation principle. Thus, the MCSCF wave function may be written in the form

|ψMCSCF (κ,C) = e−κ̂
∑
i

Ci|i〉 (2.24)

where Ci are the configuration expansion coefficients (normalized to unity) and
the operator e−κ̂ carries out the unitary transformations among the spin orbitals
in the same way as for Hartree-Fock wave functions. The ground-state MCSCF
wave function is obtained by minimizing the energy with respect to variational
parameters.

EMCSCF = minκ,C
〈ψMCSCF (κ,C)|Ĥ|ψMCSCF (κ,C)〉)
〈ψMCSCF (κ,C)|ψMCSCF (κ,C)〉

(2.25)

This model allows for a highly flexible description of the electronic system, where
both the one-electron functions (the MOs) and the N-electron function (the con-
figurations) may adapt to the physical situation. The MCSCF wave function
is well suited to the systems where degenerate or nearly degenerate configura-
tions are involved and it takes care of the static correlation. Such situations
are usually encountered in the description of reaction processes where chemical
bonds undergo drastic changes as observed during SCO, but sometimes also in
ground-state molecular systems at the equilibrium geometry.
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State-averaging MCSCF

State-average MCSCF (SA-MCSCF) methods optimize all states at the same
time with respect to the averaged energy (Eav

MCSCF ) of all states using the same
set of ci, and Eav

MCSCF can be given as

Eav
MCSCF =

k∑
i

ωiEMCSCF,i =
k∑
i

ωi〈ψMCSCF,i|Ĥ|ψMCSCF,i〉. (2.26)

where k is the number of states and ωi is the weight of state i with

k∑
i

ωi = 1 (2.27)

The use of ωi allows for determining the influence a given state has on the shared
set of orbitals.

Complete Active Space Self-Consistent Field (CASSCF)

In the complete active space self-consistent field (CASSCF) method[10], the or-
bitals of the Hartee-Fock calculation are divided into active and inactive orbitals
(Fig-2.2). The inactive ones retain their Hartree-Fock occupation value (either
2 or zero) while the active ones are used to generate a set of excited determi-
nants that enter the calculation. This is done by performing a full CI within
the subspace of active orbitals while keeping the inactive ones fixed. The chosen
active space is commonly denoted as (nel, nψ)-CASSCF, where nel is the number
of electrons and nψ is the number of orbitals taken an active space. As a complete
CI expansion is conducted in the active space, the size of the active space has to
be limited to a small selection of orbitals. However, these orbitals should be able
to describe the behavior of the system. With the use of CASSCF, we obtain a
multi-configurational wavefunction that gives a qualitatively correct description
of our system. This accounts for large parts of the static correlation but does not
include the dynamical correlation. The method of choice to recover the missing
correlation is perturbation theory.

Complete Active Space second-order perturbation theory (CASPT2)

CASSCF wavefunctions are subject to a full CI expansion in the chosen active
space. Therefore, any electron correlation that occurs inside this active space is
accounted for. Any electron-electron interaction that occurs between the inactive
space and the active space or in the inactive space alone, is not considered. Per-
turbation theory can be applied to recover some of this missing correlation. In
the specific case of second-order perturbation theory on a CASSCF wavefunction,
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Figure 2.2: Example of (4 electrons, 4 orbitals) active space for CASSCF calcu-
lation generated from HF orbitals. HF orbital space has two parts one is vacant
and the other is occupied. Occupied space can be divided into two one is active
orbitals and other is inactive orbitals. Full CI is performed within active orbital
space.

the corresponding method is termed complete active space second-order pertur-
bation (CASPT2) theory.[11] In CASPT2, the Fock operators are projected onto

the CASSCF reference space to describe Ĥ0. Additionally, a so-called first-order
interaction space (FOI) is defined, which includes all states that have non-zero
matrix elements with the ground state reference. This FOI is then used to calcu-
late the second-order energy correction according to the equation

E(2) =

χocc∑
i<j

χvir∑
a<b

〈
ψ0

∣∣∣Ĥ ′∣∣∣ψabij 〉〈ψabij ∣∣∣Ĥ ′∣∣∣ψ0

〉
E

(0)
0 − Eab

ij

(2.28)

where χocc and χvir are the number of occupied and virtual orbitals, respectively.
ψabij denotes the doubly excited determinant where one electron has been promoted
from the occupied spin orbitals χi and χj to the unoccupied orbitals χa and χb.E

ab
ij

is the corresponding energy of this determinant. When using CASPT2, care has
to be taken as some states in the FOI are almost isoenergetic to the reference
state. When calculating the contribution of these so-called intruder states, the
denominator is reduced to a very small number. To circumvent this problem,
various shifting techniques exist, like the level shift. When using the level shift,
a small shift value (l) is added to the denominator of the second-order energy
correction:

E(2) =

χocc∑
i<j

χvir∑
a<b

〈
ψ0

∣∣∣Ĥ ′∣∣∣ψabij 〉〈ψabij ∣∣∣Ĥ ′∣∣∣ψ0

〉
E

(0)
0 − Eab

ij + l
(2.29)

The influence of intruder states diminishes when using a sufficiently large level
shift. It has to be kept in mind however that, setting a shift value influences all
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contributions to the second-order energy correction on a different footing.

2.3 Density functional based approach

Prior to Hartree’s (1928) and Hartree-Fock’s (1930) theories, Thomas and Fermi
(TF) (1927)[12, 13] proposed the idea of solving many-body problems using
a density functional approach. They considered the electron density of non-
interacting homogeneous electron gas as a basic variable. The reason is the fol-
lowing, a system with Ne number of electrons has many-body wave-function of
3Ne variables, Ψ(r1, r2..., rNe), whereas corresponding electron density given by,
ρ(r) = N

∫
Ψ∗(r, r2, ..., rN)Ψ(r1, r2, ..., rN)dr2dr3...drN , has only 3 variables. ri

is the position vector of i-th electron. So dealing with wave function needs huge
computational costs while dealing with electron density requires much lower com-
putational costs due to the reduction of variables.

But there are several drawbacks in the TF model. Here the resulting ex-
pression for kinetic energy is approximate. Another source of error comes from
complete negligence of electronic correlation. It also failed to predict bonding
between atoms. In spite of these shortcomings, the TF model paved the way for
the development of Density Functional Theory (DFT) to deal with many-electron
problems in a more efficient way, making the most convenient choice for electronic
structure calculations in condensed matter physics to date.

2.3.1 Reduced Density Matrices

The mathematical formulation of the density functional approach is presented in
the following. The ground state electron density is given by

ρ(r1) = N

∫
Ψ∗(r1, r2, ..., rN)Ψ(r1, r2, ..., rN)dr2dr3...drN , (2.30)

where Ψ(r1, r2, ..., rN) is a many particle wave-function.
Then single-particle electron-ion interaction can be written as

〈Vne〉 = 〈Ψ|
∑
i

v(ri)|Ψ〉 =

∫
drv(r)ρ(r), (2.31)

In a similar manner, two-electron electron-electron repulsion can be written
as,

〈Vee〉 = 〈Ψ|1
2

∑
i,j

1

rij
|Ψ〉 =

1

2

∫
dr1dr2

Γ2(r1, r2)

r12

, (2.32)

where the Γ2(r1, r2) is the two-particle density representing joint probability of
finding one electron in a volume dr1 at r1 and another electron in a volume dr2
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at r2 and can be expressed as,

Γ2(r1, r2) = N(N − 1)

∫
Ψ∗(r1, r2, ..., rN)Ψ(r1, r2, ..., rN)dr3dr4...drN , (2.33)

one may write the kinetic energy term comprising differential operators as,

T = −〈Ψ|1
2

∑
i

∇2
i |Ψ〉,

= −1

2
N

∫
Ψ∗(r1, r2, ..., rN)∇2

1Ψ(r1, r2, ..., rN)dr1dr2...drN ,

= −1

2
N

∫
[∇2

1Ψ∗(r′1, r2, ..., rN)Ψ(r1, r2, ..., rN)]r1=r′1
dr1dr2...drN ,

= −1

2

∫
dr1[∇2

1γ(r1, r
′
1)]r1=r′1

, (2.34)

where γ(r1, r
′
1) is first order reduced density matrix given by,

γ(r1, r
′
1) = N

∫
Ψ∗(r′1, r2, ..., rN)Ψ(r1, r2, ..., rN)dr2dr3...drN (2.35)

The density matrix formalism can now be used to express the total energy of
the system in terms of the above-mentioned Reduced Density Matrices (RDM)
as,

E[ρ, γ,Γ2] = T [γ(r1, r
′
1)] + Vne[ρ(r)] + V ee[Γ2(r1, r2)], (2.36)

and this leads to the possibility of developing a quantum mechanical for-
malism of many-electron systems in reduced space in terms of RDMs bypassing
the wave-function formalism. A pre-requisite of the formalism is the possibil-
ity of directly determining the RDMs by minimizing the energy with respect
to the RDMs for which the Pauli exclusion principle must be built into the
RDMs. Also the existence of an anti-symmetric wave-function Ψ from which the
RDMs can be constructed has to be guaranteed. This problem known as the N-
representability problem must be solved by imposing necessary and sufficient con-
ditions on γ(r1, r

′
1) and Γ2(r1, r2) which are yet unknown. The N-representability

condition on ρ(r) is given as,∫
ρ(r)dr = N, ρ(r) ≥ 0 (2.37)

Thus the single-particle density (simplest reduced quantity) emerges as a promis-
ing candidate for the formulation of quantum mechanics in reduced space.
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2.3.2 The Hohenberg-Kohn Theorems

The foundation of DFT lies in the theorems proposed by Hohenberg and Kohn
in 1964.[6]

H-K theorem I : There is one-to-one correspondence between the ground state
density ρ(r) of Ne electron system and external potential vext(r) acting on it. It
means for any system of interacting particles in an external potential vext(r), the
density is uniquely determined.

H-K theorem II: A universal functional for the energy E[ρ] in terms of density
ρ(r) can be defined, as valid for any external potential. For any particular external
potential, the exact ground state energy of the system is the global minimum
value of this functional, and the density that minimizes the functional is the
exact ground state density.

Proof of Theorem 1

Let us consider two external potentials v1(r) and v2(r) which differ from each
other by an additive constant and give the same ground state density ρ(r). As two
different external potentials are different they would belong to different Hamilto-
nians, say, H1 and H2 respectively, which have different wave-functions Ψ1 and
Ψ2. The variational principle tells us that no wavefunction can give rise to the
energy that is less than the energy obtained from Ψ1 for H1. So

E1 = 〈Ψ1|H1|Ψ1〉 < 〈Ψ2|H1|Ψ2〉, (2.38)

We assume here that the ground state is nondegenerate. Since we have iden-
tical ground state density for both of the Hamiltonians, Eqn. (2.15) can be
rewritten as

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

∫
drρ(r)[v1(r)−v2(r)].

(2.39)
Hence

E1 < E2 +

∫
drρ(r)[v1(r)− v2(r)], (2.40)

on interchanging the suffices, one has,

E2 < E2 +

∫
drρ(r)[v2(r)− v1(r)]. (2.41)

Adding two inequalities Eqn.(2.17) and Eqn.(2.18) we have

E1 + E2 < E2 + E1. (2.42)
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which is absurd.
So our starting assumption was wrong and a given ρ(r) can correspond to

only one external potential v(r). As v(r) corresponding to a ρ(r) is fixed, the
Hamiltonian and hence the wave function are also fixed by the density. It proves
Hohenberg-Kohn’s first theorem.

Proof of Theorem 2

Since the wave function is a functional of density, the total energy functional
Ev[ρ] for a given external potential v(r) can be written as,

Ev[ρ] = F [ρ] +

∫
ρ(r)v(r)dr,

where,
H = Te + Uee + Vne,

and,
F [ρ] = 〈Ψ[ρ]|Te + Uee|Ψ[ρ]〉

represents is a universal functional whose exact form is not known and it has no
dependency on external potential.

Ground state energy is uniquely determined by the ground state density ρ̃.
So,

Ev[ρ̃] = 〈Ψ[ρ̃]|H|Ψ[ρ̃]〉 (2.43)

Using variational principle a different density, ρ , gives higher energy ,

Ev[ρ̃] = 〈Ψ[ρ̃]|H|Ψ[ρ̃]〉 < 〈Ψ[ρ]|H|Ψ[ρ]〉 (2.44)

It tells us that if we minimize the total energy functional by density ρ(r) we
should obtain ground state energy. The density that minimizes the energy is
the ground state density. Although the Hohenberg-Kohn theorem is an ”exact
theory”, in principle, for obtaining ground state properties of any system the main
disadvantage is we do not know the exact form of the universal functional F [ρ].
If we would know the form of F [ρ] we could solve electronic problems exactly.

2.4 Kohn-Sham Formulation

In 1965 Kohn and Sham[7] proposed a formulation that leads to the practical
implementation of density functional theory based on the Hohenberg-Kohn the-
orem. Kohn and Sham proposed the idea of mapping an interacting many-body
system into a fictitious non-interacting electron system having the same electron
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Figure 2.3: Mapping from interacting electron system of density ρ(r) to a non-
interacting system of same density using Kohn-Sham approximation. The figure
is adapted from [14].

density as in the interacting system (cf. Fig. 2.3). Their formulation lead to a
set of self-consistent equations known as Kohn-Sham equations.

For such non-interacting fictitious electrons the universal functional F [ρ(r)]
can be written as,

F [ρ(r)] = T0[ρ(r)] +
e2

2

∫ ∫
ρ(r1)ρ(r2)

r12

dr1dr2 + Exc[ρ(r)] (2.45)

The exact kinetic energy functional of interacting electrons T [ρ] is replaced by
the kinetic energy of a system of non-interacting particles T0[ρ], the second term
is the classical electrostatic contribution known as Hartree term Ecoul and the last
term EXC [ρ] = (Vee[ρ]−Ecoul[ρ]) + (T [ρ]− T0[ρ]), known as exchange-correlation
(XC) energy and hence includes all the contribution for many body effect.

Hence one can write the energy functional as,

E[ρ] = T0[ρ(r)] +

∫
v(r)ρ(r)dr +

e2

2

∫ ∫
ρ(r1)ρ(r2)

r12

dr1dr2 + Exc[ρ(r)] (2.46)

Now to obtain the non-interacting K.E. functional T0[ρ] for a certain ρ(r), one
has to consider the solution of the one particle Schrödinger’s equations,

[−1

2
∇2 + λ(r)]ψi = εiψi (2.47)

with a suitable choice of λ(r) the resulting orbitals produce the density as,

ρ(r) =
∑
i

|ψi|2
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and henceforth evaluating the functional as,

T0[ρ] =
∑
i

εi −
∫
drλ(r)ρ(r) (2.48)

The energy functional for determining equilibrium density then becomes,

E[ρ] =
∑
i

εi −
∫
drλ(r)ρ(r) +

∫
v(r)ρ(r)dr + Ecoul[ρ] + EXC [ρ] (2.49)

The functional minimization produces,

λ(r) = v(r) +
δEcoul[ρ]

δρ(r)
+
δEXC [ρ]

δρ(r)
(2.50)

which clearly shows that if λ(r) is chosen by the above expression, the correct
density for the system will be obtained from the single particle Schrödinger’s
equation. Hence one arrives at a set of N-nonlinear integrodifferential equations
known as Kohn-Sham equations, which are needed to be solved instead of many
body Schrödinger’s equations, given by,

[−1

2
∇2 + veff (r; ρ)]ψi = εiψi (2.51)

where the effective potential can be written as

veff (r) = v(r) +

∫
ρ(r′)

|r− r′|
dr′ +

δEXC
δρ(r)

= v(r) + vcoul[ρ(r)] + vxc[ρ(r)] (2.52)

The Kohn-sham equations are required to be solved in an iterative manner
until self-consistency is reached. The procedure can be summarized as follows:
One needs to start with an initial guess ρ0, which can build up the initial KS
equation. After solving the eigenvalue equation, a new density can be obtained
and if the new density differs from the previous one by a threshold value then in
the next step another new density is evaluated by mixing these two densities. The
Hamiltonian for the next iteration will be produced by this density and it will
again produce the density for this iteration and so on. The procedure will repeat
until the densities of two consecutive steps produce the same solution within a
specified error margin. The flowchart is shown in Fig. (2.4).

2.5 Exchange and Correlation

Although DFT is exact in principle, the crux of the matter lies in the fact that
exact expressions for the XC energy and potential are yet unknown and these
quantities are generally approximated. In practice, the utility of the theory lies
in the approximations used for EXC [ρ].
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Figure 2.4: Algorithmic flowchart illustrating the iterative procedure to solve the
Kohn-sham equations.

2.5.1 Local density approximation (LDA)

LDA is one of the simplest approximations made by Kohn and Sham [7], although
its basic idea is rooted in the Thomas-Fermi-Dirac theory. [12, 13] Within this
approximation, it is assumed that the exchange-correlation energy has only local
dependence on electron density ρ(r). The functional form can be written as

ELDA
XC =

∫
ρ(r)εXC [ρ(r)]dr (2.53)

where εXC [ρ(r)] corresponds to the exchange and correlation energy density of a
homogeneous electron gas with density ρ(r). In practice, within LDA the εXC can
be calculated as the individual sum of contributions coming from the exchange
and correlation part.

εXC [ρ(r)] = εX [ρ(r)] + εC [ρ(r)]. (2.54)

where the exchange part can be obtained from the Dirac’s expression,

EX [ρ(r)] = −CX
∫
ρ

4
3 (r)dr (2.55)

The functional form of the correlation part has been estimated by Ceperley-Alder
[15] using numerical quantum Monte Carlo simulation for homogeneous electron
gas which has turned out to be exact within numerical accuracy and further
different parametrizations have been done by Perdew and Zunger [16], John P.
Perdew and Yue Wang correlation (PWC) [17] etc. Though LDA was designed for
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systems where the variation of charge density is slow, surprisingly the outcome
is quite good even for non-homogeneous systems. [18] Main drawback of this
approximation is the overestimation of bond energies and the underestimation of
equilibrium bond length in comparison to experimental values.

2.5.2 Generalized gradient approximation (GGA)

In Generalized gradient approximation, the energy functional depends on the
spatial variation (gradient) of the density,

EXC [ρ] =

∫
ρ(r)εXC [ρ(r)]dr +

∫
FXC [ρ(r),∇ρ(r)]dr (2.56)

where Fxc is known as the enhancement factor which modifies the LDA expression.
Conventionally GGA functionals are specified by combining the names for the
corresponding exchange and correlation components. In the present thesis, the
following exchange and correlation components have been used.

• Exchange

– B: Beckes functional developed in 1988, which includes the Slater ex-
change along with corrections involving the gradient of the density
[19].

– O: Handys modification of Beckes exchange functional [20].

– PBE: The functional by Perdew, Burke and Ernzerhof [21] proposed
in 1996.

• Correlation

– LYP: The correlation functional of Lee, Yang, and Parr, which includes
both local and non-local terms [22].

– P86: Gradient corrected Perdew local functional developed in 1981
[23, 24].

Apart from that there are few GGA functionals that are self-contained and
are not combined with any other components such as Handys family of function-
als including gradient-corrected correlation (HCTH/407).[20] GGA Functionals
that contain empirical parameters whose values have been fitted to reproduce
experiments or more accurate calculations are known as Chemists functionals.
Examples are BLYP[22], BP86[23, 24], OLYP[25], HCTH[20]. On the other hand,
functionals with no empirically determined parameters are known as Physicists
functionals. e.g., PBE. Among several GGA functional, PBE functional [21] has
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been widely used to calculate the ground state properties.

In comparison to LDA, GGA provides a better description of properties like
binding energy, total energy, structural, and magnetic properties of real mate-
rials. But it fails to describe the long-range behavior (1/R6) and provides the
overestimated result for electric polarization in the polar system.

2.5.3 Beyond GGA functional

The general form of local and semilocal exchange-correlation (XC) energy func-
tional depends on charge density, spin-up, spin-down densities, spin-up, and spin-
down kinetic energy densities. In GGA, XC energy, εXC depends on spin densities
and their gradients. εXC for beyond GGA functional may include the non-local
Hartree Fock exchange term, semi-local correlation term, kinetic energy densi-
ties term, etc. which improve the performance of XC functional depending on
the characteristic of the system. In Meta-GGA, εXC is a function of the second
derivatives of the spin densities and the kinetic energy densities. Hybrid XC
energy functionals include a contribution of the nonlocal HF exchange energy.
Hybrid meta Functionals are hybrid functionals that contain kinetic energy den-
sity, in addition to Hartree-Fock exchange. In range-separated hybrid functionals
the electron Coulomb interaction is divided into a short- and a long-range part
by a switching function, usually an error function ”erf”. The double hybrid func-
tional approach substitutes a fraction of the semilocal correlation energy in hybrid
functionals with a nonlocal second-order Møller-Plesset (MP2) type correlation
energy. In Chapter 4, we judge the performance of above mentioned different
functionals by comparing the calculated ∆E0

HL with experimentally determined
estimates of ∆E0

HL. The goal is to find a XC functional, that provides optimized
performance for Spin-Crossover compounds. In the following sections, we briefly
provide an overview of these functionals.

Meta GGA functional

In Meta-GGA functional, EXC is also a function of the second derivatives of the
spin densities ∇2ρσ(r) and/or the kinetic energy densities τσ(r).

τσ(r) =
occ.∑
iσ

fiσ|∇Ψiσ(r)|2 (2.57)

where fiσ: occupation number and Ψiσ(r): spin-orbital of the i-th σ-type
single-particle level of the Kohn-Sham (KS) non-interacting system, and the sum-
mation runs over the occupied spin orbitals. A few examples of meta GGA
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functionals used in the present thesis are the following, a) TPSS: The exchange
functional developed by Tao, Perdew, Staroverov, and Scuseria.[26] b) M06L
known Minnesota functional proposed from the Truhlar group.[27] c) PKZB: The
correlation functional developed by Perdew, Kurth, Zupan, and Blaha.[28, 29]

Hybrid functional

hybrid exchange energy functionals include a contribution (ax) of the nonlocal
HF exchange energy given by,

EHF
x [ρ↑, ρ↓] = −1

2

∑
σ=↑,↓

occ∑
i,j

∫ ∫
dr1dr2ψ

∗
iσ(r1)ψ∗jσ(r1)

1

r12

ψ∗iσ(r2)ψ∗jσ(r2) (2.58)

It explicitly depend on the occupied KS spin orbitals: EHF
x [ρ↑, ρ↓] ≡ EHF

x

[(ψiσ)iσεocc] and can be written as

Ehyb
xc [ρ↑, ρ↓] = axE

HF
x [ρ↑, ρ↓] + (1− ax)Esem

x [ρ↑, ρ↓] + Esem
c [ρ↑, ρ↓] (2.59)

where axε[0, 1], and Esem
x and Esem

c are semilocal exchange and correlation
functionals. Hybridization with Hartree-Fock (exact) exchange provides a sim-
ple scheme for improving the calculations of many molecular properties, such as
atomization energies, bond lengths, and vibration frequencies. Several hybrid
functionals have been developed. One of the popular hybrid functional is Becke
Three-Parameter Hybrid Functionals (B3LYP)[30] which uses the LYP functional
for non-local correlation, and VWN functional for local corrrelation. HF percent-
age (ax) in B3LYP is 0.2. ax is reduced to 0.15 in B3LYP*[31]. PBE0 [32, 33] and
TPSSh is a hybrid version of GGA functional PBE and TPSS. PBE0 functional
uses 25% exact exchange and 75% DFT exchange. X3LYP functional is proposed
by Xu and Goddard.[34]

Hybrid meta functional

Hybrid functionals that contain kinetic energy density τσ(r) , in addition to
Hartree-Fock exchange EHF

X . Here semi-local exchange term, Esem
x = Esem

x [ρ↑(r),
ρ↓(r), τ↑(r), τ↓(r)]. Minnesota functionals M06[35] and M05[36, 37] are examples
of hybrid meta functionals having HF percentage (ax) 0.27 and 0.28 respectively.

Range Separated Hybrid functional

These functionals separate the electron Coulomb interaction into a short- and a
long-range part by a switching function, usually an error function ”erf”.
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1

r12

=
1− [α + βerf(ωr12)]

r12

+
[α + βerf(ωr12)]

r12

(2.60)

where first term represents the short range term vsree(r12) and the second term
represents the long range term vlree(r12). ω denotes the range separation parameter
and (α, β) ε [0,1] and 0≤(α + β)≤1. Now we consider two limiting conditions in
the following: 1. for r12 << 1/ω, vsree(r12) dominates and ∼ (1 − α)/r12 → 0 2.
for r12 >> 1/ω, vlree(r12) ∼ (α + β)/r12.

The splitting of the Coulomb operator allows for a partition of the exchange
energy:

Ex[ρ↑, ρ↓] = Esr
x [ρ↑, ρ↓] + Elr

x [ρ↑, ρ↓] (2.61)

where Esr
x [ρ↑, ρ↓]∼ local or semilocal functional and the Elr

x [ρ↑, ρ↓] is described
by the HF exchange:

Elr
x [ρ↑, ρ↓] = −1

2

∑
σ=↑,↓

occ∑
i,j

∫ ∫
dr1dr2ψ

∗
iσ(r1)ψ∗jσ(r1)vlreeψ

∗
iσ(r2)ψ∗jσ(r2) (2.62)

Examples of range-separated hybrid functionals are LC-BLYP,[38, 39] CAM-
B3LYP.[40] In LC-BLYP scheme: α = 0, β = 1, ω = 0.33 bohr−1. Here, exchange
potential has the correct -1/r12 asymptotic behavior. In CAM-B3LYP scheme:
α = 0.19, β = 0.46, ω = 0.33 bohr−1. Here, α 6= 0, so that there is a nonvan-
ishing amount ”α” of HF exchange at short range. Finally, an RSH XC energy
functional is obtained by combining an RSH exchange energy functional with an
unmodified semilocal correlation energy functional.

Double Hybrid functional

This approach substitutes in hybrid functionals a fraction (cx) of the semilocal
correlation energy by a nonlocal second-order Møller-Plesset (MP2) type corre-
lation energy. The exchange energy for double hybrid functional is given by,

Edbl−hyb
xc [ρ↑, ρ↓] = axE

HF
x [ρ↑, ρ↓]+(1−ax)Esem

x [ρ↑, ρ↓]+(1−ac)Esem
c [ρ↑, ρ↓]+acE

MP2
c

(2.63)
where (ax , ac) ε [0,1] and EMP2

c [ρ↑, ρ↓]ε[0, 1], the nonlocal MP2-like contribu-
tion, is given in spin-orbital form by

EMP2
c [ρ↑, ρ↓] = EMP2

c [(ψi)iεocc, (ψa)aεvirt] =
1

4

abεvirt∑
ijεocc

[(ia|jb)− (ib|ja)]2

εi + εj − εa − εb
(2.64)

The labels i and j (respectively, a and b) are for the occupied (respectively,
virtual) KS spin orbitals (ψk ≡ ψkσ) of energies εk (k = i,j, a,b), and (ia|jb) is a
two-electron repulsion integral in Mullikan notation.
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For the evaluation of EMP2
c [ρ↑, ρ↓], the KS spin orbitals are first self-consistently

determined using the hybrid XC energy functional defined by the first three terms
of the right-hand side of the Eqn. (2.63)., then used for the evaluation of the
nonlocal correlation contribution as given by the Eqn. (2.64). Double hybrid
functionals used in the thesis are B2-PLYP[41] and mPW2-PLYP[42]. Their ex-
change and correlation (ax, ac) contributions are given by (0.53, 0.27) and (0.55,
0.25) respectively.

2.6 Basis Sets

The choice of the basis set depends on the specification of a given electronic
structure problem. In the present thesis, we have used two kinds of basis sets
methods, particularly

• For SCO molecular complexes: Gaussian type basis sets as implemented in
Gaussian16 package [43]

• For coordination polymers and 2D TE materials: Plane wave based method
as implemented in Vienna ab initio simulation package (VASP) [44]

A brief description of each method is provided in the following section.

2.6.1 Gaussian basis set

The concept of molecular orbitals as linear combinations of atomic orbitals (LCAO)
suggests a natural set of basis functions: atomic orbital (AO)-type functions cen-
tered on each nucleus. One obvious choice is the exact hydrogen AOs, known
as Slater-type orbitals (STO)-describing the radial component of the functions.
However, the computation of the integrals is greatly simplified by using Gaussian-
type orbitals (GTO) for basis functions. But Gaussian functions do not match
the shape of an atomic orbital very well. In particular, GTOs are flat rather
than steep near the atomic nucleus at r = 0, and they fall off more rapidly at
large values of r. To tackle this problem, each STO is replaced with a number
of Gaussian functions with different values for the exponential parameter. These
Gaussian functions form a primitive Gaussian basis set. Linear combinations of
the primitive Gaussians are formed to approximate the radial part of an STO.
This linear combination is not optimized further in the energy variational calcula-
tion but rather is frozen and treated as a single function. The linear combination
of primitive Gaussian functions is called a contracted Gaussian function. One
of the examples of the Contracted Gaussian-type orbitals (CGTO) basis is the
STO-nG basis. This n value represents the number of GTOs used to approximate
the Slater Type orbital (STO) for both core and valence orbitals. A CGTO basis
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function has the form shown in the following,

ψCGTOζ,lx,ly ,lz(x, y, z) = N

n∑
i=1

cix
lxylyzlze−ζir

2

(2.65)

where N is a normalization constant, lx, ly, lz determine the type of orbital, co-
efficients ci are calculated with the basis set, not obtained variationally, ζ controls
the width of the orbital (large ζ gives a tight function, small ζ gives a diffuse func-
tion). Figure 2.5 shows the improvement of the fit to Slater 1s function (ζ=1.0)
obtained by increasing the number of Gaussian functions.

Figure 2.5: Comparison of the quality of least square fit of a 1s Slater function
ζ = 1.0 obtained at the STO-1G, STO-2G and STO-5G levels. The figure is
adapted from Wikipedia

Minimal basis sets have one function per AO which can be STO, GTO, and
CGTO. For example, the H atom has one basis set function i.e., 1s, C atom has five
basis functions i.e., 1s, 2s, 2px, 2py and 2pz. Minimal basis sets are not sufficient
for accurate representation which brings up the need for multiple functions to
represent each atomic orbital. The distribution of the electron density of valence
electrons is better represented by the sum of two STOs of the same type but
different ”effective charges”. This is known as a double-ζ basis set. These basis
sets are associated with the split-valence feature. A split valance (SV) basis uses
only one basis function for each core AO and a larger basis for the valance AOs.
For example, the double-zeta basis set allows us to treat each orbital separately
when we conduct the Hartree-Fock calculation. In the following, 2s atomic orbital
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is approximated as a sum of two STOs φSTO2s .

φi = a1φ
STO
2s (r, ζ1) + a2φ

STO
2s (r, ζ2) (2.66)

The constants a1 and a2 determine how much each STO contributes to the final
atomic orbital, which will vary depending on the type of atom that the atomic
orbit (i.e., hydrogen and lithium orbitals will have different a1, a2, ζ1, and ζ2 val-
ues). Triple zeta (TZ) contains three basis functions per AO. Having different size
exponential allows the orbital to change size with perturbations from approaching
atoms. In the present thesis, triple zeta valance (TZV) basis sets[45] developed
by Ahlrichs and coworkers have been used primarily for molecular calculations as
implemented in Gaussian16 package[43].

2.6.2 The plane wave-based method

In the plane wave basis,[46] the Kohn-Sham wave function can be expanded as

Ψks(r) = eik.r
∑
G

CG(kr)eiG.r (2.67)

where G is the reciprocal lattice vector and C(G)(kr) is the plane wave coefficient
with normalization condition

∑
G |CG(kr)|2 = 1. In reality, computational im-

plementation needs a truncation of the sum up to a finite cut-off. The cut-off is
defined in terms of plane wave kinetic energy cut-off as:

~
|k + G|2

2me

≤ Ecut (2.68)

The physical quantities are calculated after checking the convergence in terms of
energy cut-off. The main advantages of plane wave basis set are

• The basis set does not depend on the atomic positions and species.

• The forces acting on the atoms known as the Hellman-Feynman forces can
easily be calculated and no basis set correction is required.

• It has the advantage of changing real space representation to momentum
space representation using Fast Fourier transformation (FFT).

The main disadvantage of the plane wave basis set is that one needs a large
number of plane waves to accurately describe the wave functions in the core
region as the electrons in this region are tightly bound to the nucleus and the
wave functions are highly oscillating due to the orthogonality constraints with
the electrons in the valence state.
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Figure 2.6: Comparison between all-electron (solid line) and pseudo (dashed line)
wavefunction and potential. After a cutoff radius rc, they match with each other. The
picture is adapted from Wikipedia.

This difficulty can be overcome through the pseudopotential approximation.
The basic idea of pseudopotential can be explained as follows. The actual poten-
tial is deep and attractive in the core region. Valence electrons gain kinetic energy
due to the rapid oscillation in the core region, which behaves as repulsive poten-
tial. The valence wave functions can be considered as smooth nodeless pseudo
wavefunction within the core region which is identical to the actual wavefunction
outside the core region as shown in Fig. (2.3). Hence far fewer plane waves are
required to describe the valence wave functions.

Various methods have been developed to construct more accurate and efficient
pseudo-potentials (PS) in the last few decades. Three kinds of pseudopotentials
exist which are widely used in electronic structure calculation using plane wave
basis.

• Norm conserving pseudopotential

• Ultrasoft pseudopotential

• Projector augmented wave (PAW) potential

In the present thesis, we will be using PAW pseudopotentials for electronic
structure calculations discussed in the following.

The Projector-Augmented-Wave (PAW) Formalism

The projector-augmented- wave (PAW) method was developed by P.E. Blöchl
in 1994.[47] This method turned out to be a computationally elegant, trans-
ferable, and accurate method for electronic structure calculation and facilitates
density functional theory calculations to be performed with greater computa-
tional efficiency. Later Kresse and Joubert modified this PAW method and
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implemented it within the plane wave code of the Vienna Ab-initio Simulation
Package(VASP).[44] Here also valence wave functions tend to have rapid oscilla-
tions near ion cores due to the requirement that they be orthogonal to core states;
this situation is problematic because it requires many Fourier components to de-
scribe the wave functions accurately. The PAW approach addresses this issue by
transforming these rapidly oscillating wave functions into smooth wave functions
(by a linear transformation) which are more computationally convenient. This
approach is somewhat reminiscent of a change from the Schrödinger picture to
the Heisenberg picture.
In this formalism, the AE wave-function Ψn is derived from the PS wave-function
Ψ̃n by means of a linear transformation:

|Ψn〉 = |Ψ̃n〉+
∑
i

(|φi〉 − |φ̃i〉)〈p̃i|Ψ̃n〉 (2.69)

The index i is a shorthand for the atomic site at Ri. The all-electron partial waves
φi are the solutions of the radial Schrödinger equation for the isolated atom. The
PS partial waves φ̃i are equivalent to the AE partial waves outside a core radius
rc. Of course, these two wave functions match both in value and slope at the
boundary rlc. The projector function pi for each PS partial wave localized within
the core radius, obeys the relation 〈p̃i|φ̃j〉 = δij.
The PAW method is typically combined with the frozen core approximation, in
which the core states are assumed to be unaffected by the ions’ environment.
There are several online repositories of pre-computed atomic PAW data.

2.7 Time Dependent Density Functional The-

ory (TDDFT)

Ground-state DFT deals with the systems subject to a static external potential,
which are governed by the time-independent Schrödinger equation. However,
there are many situations of interest that fall outside this category such as an atom
or a molecule under the influence of an external electromagnetic field (like a laser
field), electron or proton scattering, etc. These systems are correctly described by
the time-dependent Schrödinger equation. TDDFT is an extension of ordinary
ground-state DFT designed to solve such problems from a density functional
perspective. The theoretical foundations of TDDFT were proposed by Runge
and Gross[48] in 1984 and proved the time-dependent analogue of HK theorem[6]
and developed a KS scheme[7] for the time-dependent case. The technique has
now become a standard tool to estimate the excitation and optical absorption
spectra of finite systems. how excited states are obtained using TDDFT will be
described in the following.
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Hohenberg-Kohn-Sham DFT is based on the Rayleigh-Ritz variation principle.
In the case of a time-dependent external potential, however, no minimum principle
exists. Instead, there is a stationary-action principle. The starting point for
studying time-dependent systems is the Schrödinger equation

i
∂Ψ(~r, t)

∂t
= ĤΨ(~r, t) (2.70)

where the Hamiltonian

Ĥ = T̂ + V̂ee + v̂(~r, t) (2.71)

is the same as that of the electronic Hamiltonian used previously except for
the fact that now external potential i.e., ion-electron interaction term has a time
dependence. Now to have an equivalent theorem for time-dependent systems like
the HK theorem (Runge-Gross (RG) theorem), we require, a) The densities of
the system evolve from a fixed initial state Ψ (t0) = Ψ0 (spatial argument are
dropped for simplicity). The initial state, Ψ0, is arbitrary, not necessarily be the
ground-state or some other eigenstate of the initial potential v (~r, t0) = v0(~r). b)
The potentials are required to be Taylor expandable about t0. This implies that
only sudden switching is included in the formalism.

On the other hand, potentials that are switched on adiabatically from t0 =
−∞ are automatically excluded by the Taylor-expandability condition. The RG
theorem states that the densities ρ(~r, t) and ρ′(~r, t) evolving from the same initial
state Ψ0 under the influence of two potentials v(~r, t) and v′(~r, t) are always dif-
ferent provided that the potentials differ by more than a purely time-dependent
function : v(~r, t) = v′(~r, t) + C(t). Therefore there exists a one-to-one corre-
spondence between the time-dependent external potential, v(~r, t), and the time-
dependent electron density, ρ(~r, t), for systems evolving from a fixed initial many-
body state. Similar to ordinary DFT, ρ(~r, t) determines the external potential
and subsequently helps in obtaining the time-dependent many-body wavefunc-
tions and hence all the time-dependent observables.

Time-Dependent Kohn-Sham Scheme

Time-dependent density can be calculated by considering a fictitious system
of non-interacting electrons in which the electrons move in an effective time-
dependent potential similar to the ground state DFT approach. This potential is
unique by virtue of the RG theorem applied to the KS system. Thus the equation
of motion is

i
∂

∂t
φi(~r, t) =

{
−∇

2

2
+ vKS(~r, t)

}
φi(~r, t) (2.72)
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The density of the interacting system can be obtained from the time-dependent
KS orbitals

ρ(~r, t) =
occ∑
i

|φi(~r, t)|2 . (2.73)

The KS equation above having the form of the one-particle equation, is rela-
tively easier to solve numerically. Like the steady-state DFT, the KS potential,
in this case, can be separated in the following way:

vKS(~r, t) = v(~r, t) + vcoul(~r, t) + vxc[ρ; (~r, t)] (2.74)

where the terms have their usual meaning as described earlier. Next, our aim
is to discuss the utility of the TDDFT approach to calculate excitation energies
will be discussed in the following section.

Excited-States within TDDFT

The formal development of TDDFT as described in the previous section opened
the way for a sound treatment of time-dependent properties in DFT. We are
particularly interested in the properties involving the linear response of the charge
density to an applied field[49] which allow us to study response properties such
as dynamic polarizabilities as well as excitation energies and oscillator strengths
calculated using the poles and residues of the dynamic polarizability.[49] This
provides a formally well-founded treatment of excited states within TDDFT. The
starting point is the time-dependent KS equation given by Eqn. (2.72). According
to adiabatic local density approximation[50] the exchange-correlation potential in
the Eqn. (2.72) is given by

vxc[ρ; (~r, t)] =
δExc[ρ; (~r, t)]

δρ; (~r, t)
(2.75)

where Exc[ρ; (~r, t)] is the exchange-correlation energy functional from the TD
theory. Now we consider a system initially in its ground electronic state. The
linear response to a perturbation v(t) turned on slowly at some time in the distant
past is given by

δρ(~r, ω) =
∑
ij

φ†i (~r)δPij(ω)φi(~r) (2.76)

where δPij(ω) is the linear response of the KS/HF density matrix in the basis
of unperturbed molecular orbitals. By writing the effective TD potential as

veff (t) = vappl(~r, t) + δvSCF (~r, t) (2.77)

Here the field δvSCF is the last two terms of the Hamiltonian in Eqn. (2.72).
The response of the KS density matrix to the perturbation veff is then given by
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the generalized susceptibility for a system of independent particles,

∂Pij

∂veffi′j′

= δii′δjj′
fj − fi

ω − (εi − εj)
(2.78)

Thus

δPij(ω) =
fj − fi

ω − (εi − εj)

[
vapplij (ω) +

∑
kl

Kij,klδPkl(ω)

]
(2.79)

where the coupling matrix K is the linear response of the self-consistent field
to changes in the charge density,

δvSCFij (ω) =
∑
kl

Kij,klδPkl(ω) (2.80)

Kij,kl =
∂Pij
∂vSCFkl

=

∫∫
φ†i (~r)φj(~r)

1

|~r − ~r′|
φk (~r′)φ†l (~r′) d~rd~r′

+

∫∫∫ ∫
φ†i (~r)φj(~r)fxc[ρ; (~r, t)]φk (~r′)φ†l (~r′) d~rd~r′

(2.81)

where

fxc[ρ; (~r, t)] =
δ2Exc[ρ; (~r, t)]

δ2[ρ; (~r, t)]
(2.82)

is the time-dependent exchange-correlation kernel. Solving Eqn. (2.79) for
δP and separating the real imaginary parts one obtains after some algebra[51][(

A B
B? A?

)
− ω

(
1 0
0 −1

)](
δP
δP ?

)
=

(
−δvappl
−δv?appl

)
(2.83)

where the matrices A and B are defined as

Aij,kl = δikδjl (εi − εk) +Kij,kl (2.84)

and
Bij,kl = Kij,kl (2.85)

In the response theory, excitation energies correspond to the poles of the
response function. So at the excitation energies ω = ωI = EI −E0, δP blows up.
In Eqn. (2.83), as δP blows up at the excitation and δvappl is finite, this implies
that the matrix multiplying δP, δP ? should vanish, leading to zero eigenvalues on
the left-hand side of Eqn. (2.83). Thus the excitation energies can be determined
as solutions to the non-Hermitian eigenvalue problem[

A B
B A

](
X
Y

)
= ω

[
1 0
0 −1

](
X
Y

)
(2.86)
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where Xij = δPij(ω) and Yij = δPji(ω). In the lowest order, the excitation
energies are obtained with a correctionKij,ij to the Kohn-Sham transition energies
ωij = εj − εi, which follows from Eqn. (2.105). To date most applications of the
time-dependent KS formalism fall into the linear response regime [52]. According
to Tamm-Dancoff approximation (TDA)[53], which is usually implemented in
many commercial codes for TDDFT calculation, the matrix B can be neglected,
so that Eqn. (2.86) Finally is now simplified into an eigenvalue problem.

AX = ωX (2.87)

By solving eigenvalues and eigenvectors of matrix A, excitation energies and
excitation states are therefore obtained accordingly.

2.8 Boltzmann Transport Theory

To study transport properties in complex materials and devices on experimental
length scales, one often needs to consider large systems consisting of many mil-
lions or billions of atoms. To simulate such systems accurately and efficiently,
two basic ingredients are needed. The first is a realistic description of the struc-
ture and electronic properties of the material of interest. This can be achieved
by using ab initio electronic structure methods such as DFT.[6, 7] DFT has
proven to be highly successful in describing the electronic, optical, and vibrational
properties of a large number of materials. The second ingredient is an efficient
numerical method for simulating electronic transport. There are several com-
mon approaches for simulating electronic transport,[54] including the Boltzmann
transport equation, the Landauer-Buttiker formalism, and the Kubo formula.
The Boltzmann transport equation is traditionally applied to the semiclassical
regime of transport.[46, 55, 56] In this semiclassical picture, Each scattering pro-
cess can be treated fully quantum mechanically, but between scattering events,
the electrons behave as point particles. This semiclassical picture is appropriate
in the limit kF le >> 1, where le is the average distance between scattering events,
kF = 2π/λF , and λF is the Fermi wavelength of the electrons.

In the present thesis, we adopt the semi-classical Boltzmann transport theory
for the quantitative description of thermoelectric effects under constant relaxation
time approximation. Within the framework of linear response theory,[46, 57–
59] it leads to a series of integrals that form a bridge between the quantum
mechanical bandstructure resulting from DFT calculation, and the macroscopic
electron transport properties which enable electrical transport properties to be
computed from ab-initio calculations.
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2.8.1 Boltzmann Transport Theory for electrical trans-
port

Thermoelectric effects are non-equilibrium effects. The statistical description
of the thermodynamic system not in the state of equilibrium is characterized
by the Boltzmann transport equation (BTE). It is a semi-classical equation,
which describes how an electron distribution over a phase space of position r
and wave vector k changes with time. The phase-space distribution is defined
by using a time-dependent probability density function f(t, ν, b,k, r) such that
f(t, ν, b,k, r) × d3rd3k denotes the number of spin ν electrons in the bth band,
at time t, in a small phase space volume d3rd3k about the point (r,k) in phase
space. BTE for electrons is the equation of motion that describes the time evo-
lution of f throughout the phase space. We assume that f is differentiable with
respect to time t, wave vector k, and position r. The rate of change of f with
time ḟ is mainly controlled by three distinct processes: free movement or diffu-
sion; interaction with external fields; and scattering,

ḟ = ḟ
∣∣∣
free

+ ḟ
∣∣∣
fields

+ ḟ
∣∣∣
scatt.

. (2.88)

1. Free movement. If one imagines a single electron existing as a Bloch wave ψ,
it will have a certain spatial density (ψ∗ψ). The Bloch wave moves through
space with a velocity is given by vk = ~−1∂E/∂k. Thus, if there is a spatial
gradient in fn,k, f will change over time as well

ḟ
∣∣∣
free

= −vk ·∇rf. (2.89)

2. External Field Interactions. The Lorentz force due to external electric (E)
and magnetic (H) field accelerate electrons and thereby change the corre-
sponding k vectors according to:

~k̇ = e (E + vk ×H) . (2.90)

Hence, the occupation of different k points will change over time.

ḟ
∣∣∣
fields

= − e
~

(E + v(b,k)×H) · ∇kf, (2.91)

where H is the magnetic field strength, c is the speed of light, v is the group
velocity of state (b,k), and E is the electric field.

3. Scattering. Real materials have imperfections that scatter electrons. Even
in a perfect crystal, electrons still scatter each other or be scattered by
phonons. These scattering mechanisms are responsible for equilibrating the
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system, and so they cannot be neglected. A scattering event will change the
wave vector of an electron from k to k′ or vice versa. Thus the scattering
term is written as an integral over all wave vectors k′ and bands b, with
some transition functional P which captures the probability of electrons
transitioning from the state (b,k) to (b′,k′), or vice versa:

ḟ(r, b,k)
∣∣∣
scatt.

=
∑
b′

∫
dk′Pin (b′,k′ → b,k)−Pout (b,k→ b′,k′) .

(2.92)
In principle, this transition function should include all possible scattering
mechanisms and is a functional of the external fields and phase-space dis-
tribution itself f .

Putting all three processes together yields the Boltzmann Transport Equation
for electrons in its most general form:

ḟ(t, b,k, r) = −v ·∇rf(t, b,k, r)− e
~

(E+v×H)·∇kf(t, b,k, r)+ ḟ
∣∣∣
scatt.

. (2.93)

Now one of the key components of BTE is the scattering term, and to make
the equation tenable steps have to be taken to approximate this term.

Linearizing the Boltzmann Transport Equation

One of the first steps towards simplifying the BTE is to linearize it. At equilibrium
f(t, ν, b,k, r) will be the Fermi-Dirac distribution for the local chemical potential
µ(r) and temperature T (r) :

f0(ν, b,k, r) =
1

1 + exp
[

1
kBT

(ε(ν, b,k)− µ(r))
] (2.94)

Since scattering restores the phase-space distribution f towards equilibrium,
the corresponding term must vanish,

ḟ0

∣∣∣
scatt.

= 0, (2.95)

However, if the distribution f is very close to the equilibrium distribution,

f(t,k, r) = f0(k, r) + δf(t,k, r), (2.96)

For δ << 1, BTE can be rewritten in terms of the equilibrium distribution
f0, and a time-dependent deviation δf . The free movement and external field
interaction terms are approximated in terms of f0 rather than f , whilst only the
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lowest-order scattering term is taken. The scattering term is again written as an
integral over all possible states (b′,k′).

If δf(b,k) is positive, then the state (b,k) is more likely to be occupied than
it is in equilibrium. Thus electrons are likely to transition out of that wave vector
and into a different one, reducing f(b,k) in the process.

Similarly, if δf (b′,k′) is positive, then electrons are more likely to transition
out of (b′,k′), potentially into (b,k).

The transition probability is quantified by a scattering time between the states
(b,k) and (b′,k′), weighted by the phase-distribution which captures if the state
is occupied or not:

ḟ(b,k)
∣∣∣
scatt.

=
∑
b′

∮
dk′ {δf (b′,k′)− δf(b,k)} × τ b

′,k′

b,k . (2.97)

Eqn. (2.97) essentially says that the rate of change of f(b,k) due to scattering
is the sum of scattering rates into (b,k), minus the sum of scattering rates out
of (b,k) to some other state (b′,k′). According to the principle of microscopic

reversibility, scattering time function τ b
′,k′

b,k must equal τ b,kb′,k′ . If the scattering
mechanism is known, for example, there is a known scattering potential H′, then
τ could potentially be calculated using Fermi’s Golden Rule.

Adding the scattering term to the rest of the terms gives the full linearized
Boltzmann transport equation:

δf(t,k, r) = −vk ·∇rf0(k, r)

− e
~

(E +vk ×H) ·∇kf0(k, r)

+
∑
b′

∫
dk′ {δf (b′,k′)− δf(b,k)} × τ b

′,k′

b,k .

(2.98)
For steady-state solutions, the left-hand side vanishes giving:

v(b,k) ·∇rf0(b,k, r)+
e

~
(E + vk ×H) ·∇kf0(k, r) =∑
b′

∫
dk′ {δf (b′,k′)− δf(b,k)} × τ b

′,k′

b,k .
(2.99)

Relaxation Time Approximation

Electron scatting time function τ b
′,k′

b,k can be estimated by calculation of electron-
phonon scattering by computing deformation potentials. The Relaxation Time
Approximation states that:

1. Scattering events always restore to the local equilibrium value for each state
f0(b,k).
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2. The scattering time which determines the rate of this restoration is inde-
pendent of f(b,k).

Both of these assumptions are generally appropriate when the phase-space distri-
bution f is only a small perturbation δf from the local equilibrium phase-space
distribution f0, i.e. when using the linearized BTE Equation. Within the Relax-
ation Time Approximation, the scattering term simplifies to:

ḟ(b,k)
∣∣∣
scatt.

= − 1

τ(b,k)
δf. (2.100)

so the scattering term tends the phase-space distribution towards local equi-
librium, with the timescale given by τ .

Linear Response Theory

BTE results in a series of integrals that can compute transport properties such
as the electrical conductivity, and Seebeck coefficient leading to a quantitative
description of the TE effect. Within the framework of linear response theory,
particle and heat currents (j and jq) manifest as a linear response to the gradient
of the local temperature field (∇T ), the gradient of the chemical potential field
(∇µ), and the electric field (E) (Kubo Formalism). This gives a tensor equation
between the currents j and jq, and the fields ∇T,∇µ, and E, with the coefficients
Lαβ known as the L-matrices:(

j
jq

)
=

[
L11 L12

L21 L22

](
eE−∇µ
−∇T

)
. (2.101)

The L-matrices describe how gradients in temperature, chemical potential,
and electrical potential fields are related to electron and thermal currents. If a
material has a uniform temperature and chemical potential (∇µ = ∇T = 0),
and an electric field is applied (E 6= 0), then there will be a resulting electrical
current given by

j = L11eE. (2.102)

Thus the first L-matrix element is related to the electrical conductivity tensor
by e × L11 = σ. Similarly, for a material with no applied electric or chemical
potential field (∇µ = E = 0 ), the thermal current follows

jq = −L22∇T. (2.103)

Thus L22 is the thermal conductivity of the electrons. The other L-matrices
L12 and L21 represent coupling terms between the electric & chemical potential
fields, and the temperature field.
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The Seebeck Effect: In the Seebeck experiment, no current is allowed to
flow (j = 0), and a temperature gradient is applied. This leads to the equation:

j = L11(eE−∇µ)− L12∇T = 0, (2.104)

⇒ eE−∇µ =
[
L11
]−1

L12∇T. (2.105)

Eqn. (2.105) describes the Seebeck effect. If a material has an applied ∇T
but no current flows, then there will be a potential difference, the magnitude of
which depends on the L-matrices. The Seebeck coefficient, or thermopower, is
the linear coefficient relating gradients in the temperature ∇T and voltage ∇V ;

∇V = −
(

1

e

[
L11
]−1

L12

)
∇T = −S∇T, (2.106)

with S =
1

e

[
L11
]−1

L12, (2.107)

where S is a (1, 1) tensor usually given in microVolts per Kelvin. If the electri-
cal properties of the material are isotropic, then Eqn. (2.105) and (2.107) become
scalar equations. Eqn. (2.101) implies jq will be non-zero, and a heat current
must be maintained to keep the temperature gradient. This intuitively makes
sense as otherwise, the material would equilibrate to a uniform temperature.

The Peltier Effect: If an electric current j is driven through a material that
is maintained at a constant temperature then a heat current will be induced.
This is the Peltier effect. Substituting ∇T = 0 into Eqn. (2.101) gives a relation
for the Peltier coefficient Π:

j = L11(eE−∇µ) 6= 0, (2.108)

eE−∇µ =
[
L11
]−1

j, (2.109)

⇒ jq = L21
[
L11
]−1

j, (2.110)

⇒ jq = Πj, (2.111)

with Π = L21
[
L11
]−1

(2.112)
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Computing the L-matrices

If the band structure of a material is known, then the L-matrices can be computed
by using expressions derived from the Boltzmann transport equation. These
expressions are the bridge that connects electron transport properties to the band
structure of the material. A brief summary of how these expressions are derived
is given here.

The electronic current density ji at point r in the direction î can be written as
a sum over all states (b,k), weighted by the group velocity vi and the phase-space
distribution f of each state:

ji(r) = e
∑
b

∮
d3kf(b, r,k)× vi(b,k). (2.113)

For a periodic crystal, the group velocity v = ~−1∇kε(b,k) is the derivative of a
function which is periodic in k. As a result, the integral from filled bands must
vanish, leading to the expected result that only partially filled bands contribute
to the electrical current.

The thermal current density due to electrons jqi is given by the flow of elec-
trons, weighted by their energy relative to the chemical potential µ. Electrons
with energy ε greater than µ will transfer heat in the same direction they travel,
and vice versa.

jqi (r) =
∑
b

∮
d3k [εb(k)− µ] f(b, r,k)vi(b,k). (2.114)

Within the linearized Boltzmann Transport Equation, the relaxation time
approximation, and assuming the scattering time function only depends on the
energy of states (τ(b,k) = τ(ε(b,k))), the phase-space distribution function f
must satisfy:

f(b, r,k) = f0(b, r,k)+τ(ε(b,k))

(
−∂f
∂ε

)
v(b,k)·

[
eE −∇µ+

ε(b,k)− µ
T

(−∇T )

]
.

(2.115)
Solving Eqns. (2.113)-(2.115) returns relationships for the L-matrices. To

quantify the contribution of each state (b,k) to transport properties, we define
electron-conductance tensor φ(b,k) as:

φij(b,k, r) = τ(b,k)vi(b,k)vj(b,k)

(
−∂f
∂ε

)
, (2.116)

where ∂f/∂ε is the rate of change of the Fermi Dirac distribution for the local
temperature T (r) and chemical potential µ(r) at energy ε(b,k), vi is the band
group velocity for state (b,k) along the direction î. The τ and vivj terms are
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related to the mobility of electrons in a state, while the −∂f/∂ε term quanti-
fies how populated the state (b,k) is; quantifying the idea that fully populated,
or completely unpopulated states do not contribute towards transport. All the
equations for the L-matrices involve the electron-conductance tensor:

L
(11)
ij = e

∑
b

∮
d3k

4π3
φij(b,k, r), (2.117)

L
(21)
ij =

T

e
L

(12)
ij =

∑
b

∮
d3k

4π3
φij(b,k, r)(ε(b,k)− µ), (2.118)

L
(22)
ij = − 1

T

∑
b

∮
d3k

4π3
φij(b,k, r)(ε(b,k)− µ)2. (2.119)

Following equations quantify the electrical conductivity σ, Seebeck S, and
thermal conductivity of electrons tensors κ :

σij = eL
(11)
ij , (2.120)

Sij =
∑
α

1

e

([
L(11)

]−1
)
iα
L

(12)
αj , (2.121)

κij = L
(12)
ij . (2.122)

Using Eqns. (2.116-2.119), the L-matrices can be evaluated for a given band-
structure, temperature, and chemical potential.

The integrals presented here form a bridge between the quantum mechanical
bandstructure, and the macroscopic electron transport properties. They enable
electrical transport properties to be computed from ab-initio calculations.

2.8.2 Boltzmann Transport Theory for lattice transport

For the spatially non-uniform phonon distribution, the Boltzmann equation is
expressed as, (

∂N

∂t

∣∣∣∣
drift

)
+

(
∂N

∂t

∣∣∣∣
scattering

)
= 0 (2.123)

here, N is the number of phonons in each mode. Generally, one performs
the differentiation in the relaxation time approximation expressing the scattering

term as
(
∂N
∂t

∣∣
scattering

)
= −n

τ
, which leads to,

n = −τ(v∇T )
∂N0

∂T
(2.124)
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The Bose-Einstein distribution function is defined here as N0 = 1

e
hω

kBT
−1

and

n is the non-equilibrium part of the phonon distribution function, N = N0 + n.
∇T and v is the temperature gradient and phonon group velocity, respectively.
The heat flux for a 2D material is obtained from the expression,

Q =
∑
s,q

v(s,q)~ω(q)n[q, ω(q)] (2.125)

where n(ω,q) is the number of phonons in the heat flux and v~ω is the energy
carried by a phonon. Substituting Eqn. (2.124) in Eqn. (2.125), the heat flux
can be expressed as,

Q = −
∑
β

(∇T )β
∑
s,q

τvβ(s,q)
∂N0

∂T
v(s,q)~ω(q) (2.126)

The macroscopic definition of the lattice thermal conductivity is derived from,

Qα = −καβ(∇T )βhLxLy (2.127)

where καβ is the lattice thermal conductivity tensor, Lx is the sample width,
Ly is the sample length and h is the sample height. Comparing Eqn. (2.126)
and Eqn. (2.127), we obtain the following expression for the lattice thermal
conductivity tensor,

καβ =
1

hLxLy

∑
s,q

τ(s,q)vα(s,q)vβ(s,q)
∂N0(ω)

∂T
~ω(q). (2.128)

2.8.3 Implementation of Boltzmann Transport Equation

Electron transport coefficients

The linearized version of the BTE under relaxation time approximation (τ) (RTA)
is implemented in BoltzTrap2 code[60]. BoltzTraP2 calculates transport coeffi-
cients based on the rigid-band approximation (RBA), which assumes that chang-
ing the temperature or doping a system, does not change the band structure. In
the RBA the carrier concentration, for a given T and µ, in a semiconductor can
be obtained directly from the density of states (DOS)

n(ε) =

∫ ∑
b

δ(ε− εb,k)
dk

8π3
(2.129)

where the subscript b runs over bands, by calculating the deviation from charge
neutrality.

c(µ, T ) = N −
∫
n(ε)f (0)(ε;µ, T )dε. (2.130)
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Figure 2.7: Typical BoltzTraP2 workflow taking the user from the results of a
DFT calculation to estimates of the thermoelectric coefficients for the system
under study, and other related results, using the btp2 command-line interface.
Figure is taken from [60]
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Figure 2.8: Workflow for thermal conductivity calculations using a real-space
supercell approach for force constants. Orange boxes represent the steps of the
calculations, blue boxes stand for the results of these steps, and computer pro-
grams are denoted as black text outside of any box. Figure is taken from [61]

Here N is the nuclear charge and f (0) is the Fermi distribution function. In a
semiconductor where charge neutrality would place the Fermi level in the band
gap, one can thus imagine how (at T = 0) moving µ into the conduction bands
would produce a n-type material and moving µ into the valence bands would
produce a p-type material.

The main advantage of the BoltzTraP2 procedure for evaluating the transport
coefficients is that it is straightforward to obtain the group velocities from the
k-space derivatives of the quasi-particle energies. Under constant RTA (CRTA),
the Seebeck coefficient and Hall coefficient become independent of the scattering
rate [60]. Therefore, they can be obtained on an absolute scale as a function
of doping and temperature in a single scan. The CRTA in combination with
the RBA, which makes the group velocities independent of µ and T , also has a
computational advantage as it makes the transport distribution function, inde-
pendent of temperature and doping. The temperature and doping dependence
of the transport coefficients L(α), is solely due to the Fermi distribution function
and can be obtained via a scan over a fixed transport distribution function. The
CRTA will have limitations. It only delivers σ and κe dependent on τ as a param-
eter. Figure-2.7 shows the flowchart to calculate electron transport properties as
followed by BoltzTrap2 code.
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Lattice transport coefficients

To estimate the lattice thermal conductivity, we require second-order harmonic
interatomic force constants (IFCs) and third-order anharmonic IFCs. Harmonic
IFCs can be obtained from phonon dispersion. Phonon properties are studied
within the formulation of density functional perturbation theory (DFPT). To
calculate third-order anharmonic IFCs, different sets of displaced supercell con-
figurations are generated using the finite difference method. The number of con-
figurations generated is decided by the following: the number of nearest-neighbor
interactions, symmetry of the system, size of the supercell mesh, and size of the
unit cell. The third-order anharmonic IFCs are constructed from a set of third-
order derivatives of energy, calculated from these configurations using the plane
wave method. The phonon lifetimes are calculated from the phonon BTE which
are limited by phonon-phonon, isotropic impurity, and boundary scattering. We
consider the three-phonon scattering rates to compute κl, as implemented in the
ShengBTE code.[61] Figure-2.8 shows the flowchart to calculate lattice trans-
port properties as followed by ShengBTE code. Beyond RTA, lattice thermal
conductivity matrix καβL can be written as,

καβL =
1

kBT 2ΩN

∑
s

f0 (f0 + 1) (~ωs)2 vαs τ
0
s

(
vβs + ∆β

s

)
(2.131)

καβL is then diagonalized to obtain the scalar lattice thermal conductivity κL in
a preferred direction in the xy plane. In Eqn. (2.131) Ω is the volume of the
unit cell, N denotes the number of q-points in the Brillouin zone sampling. f0 =
1/
(
e~ωs/kBT − 1

)
is the Bose-Einstein distribution function, τ 0

s is the relaxation
time for the mode s with phonon frequency ωs, vs is the phonon group velocity,
and ∆s denotes the measure of how much associated heat current deviates from
the relaxation time approximation. Linearized BTE is solved iteratively using the
self-consistent method to obtain phonon transport. The stopping criterion used in
the self-consistent method is that the relative change in the thermal conductivity
tensor is calculated using Eqn. (2.131) is less than a threshold value of 10−5.
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Chapter 3

Light Induced Excited Spin State
Trapping in Spin Crossover
Model System*

3.1 Introduction

Molecular complexes exhibiting Spin-Crossover (SCO) properties find a multitude
of applications in various fields ranging from data storage to molecular electronics,
to photo-magnetism and non-linear optics.[1–3]

In particular, the photo-magnetic response of SCO complexes, discovered by
Decurtins et al. [4] in 1984 by illuminating [Fe(ptz)6](BF4)2 sample at low tem-
perature (10K), lead to a reversible spin transition manifesting Light-Induced
Excited Spin State Trapping (LIESST), a phenomenon of application potential.
According to the relaxation model proposed by Hauser et al.[5], the system is
excited with light from the singlet LS ground state to metal-centered (MC) d-d
or to metal-to-ligand charge-transfer (MLCT) excited states, which decay to the
quintet HS state via intersystem crossings and internal crossing through the par-
ticipation of triplet states. The relaxation rate from the excited HS state to the
ground LS state turns out to be low as the cryogenic temperature is maintained
resulting in trapping of the system from several hours to weeks. LIESST effect is
of potential technical use as optical switches and magneto-optical storage, but it
is limited by the fact that trapping to photo-induced HS state usually happens at
rather low temperatures. This calls for the need for a microscopic understanding
of the LIESST mechanism which will be beneficial for designing new LIESST
materials with tailored properties.

Computational modeling of SCO molecules is a complex problem because of

*This chapter is based on publication : Shiladitya Karmakar, Debashree Ghosh, and
Tanusri Saha-Dasgupta, International Journal of Quantum Chemistry, 120.6, e26122 (2020).
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two reasons, a) the presence of TM ion center with open d sub-shells incorpo-
rating strong electron-electron correlation effect and multi-reference character,
b) relatively large size of organic ligands incorporating large degrees of freedom
to the problem. To understand the LIESST mechanism within the relaxation
model, it is essential to capture the electronic structures of ground states as well
as excited states of the molecule accurately. Modern quantum chemical methods
involving both wave-function and density functional-based approaches have been
extensively applied to Fe(II) SCO complexes in order to investigate spin-state
transitions during the LIESST process. Wave function-based method is capable
of handling the multi-reference nature of the problem but their accuracy crucially
depends on the size of the basis set, and the chosen active space,[6] making the
use of such ab-initio study limited to small molecules. On the other hand, density
functional theory being a single-reference method by its very nature lacks multi-
configurational nature but is efficient enough to handle large SCO molecules to
connected SCO polymers. Therefore, finding out a suitable computational pro-
cedure to understand the LIESST mechanism with sufficient accuracy is thus a
challenge.

To investigate the LIESST mechanism, in this chapter we consider a metal-
organic complex in the family of FeII(L)n(NCS)2, namely [Fe(abpt)2(NCS)2]
(abpt=4-amino-3,5-bis(pyridin-2-yl)-1,2,4-triazole), which undergoes thermal spin
crossover without hysteresis between ∼ 202K and 100K with T1/2=180K.[7] A
LIESST metastable HS structure of the compound was also reported by Meson
et al, produced at 30K by continuous irradiation with a 670 nm, 5 mW continuous
wave laser on the LS structure of the complex. Motivated by its SCO properties, a
hypothetical model for [Fe(abpt)2(NCS)2] is constructed in which the long-range
structure of the molecule is simplified substantially keeping the short-range struc-
ture as well as the asymmetric ligand-field of the real system intact. Typically
LS→HS transition is accompanied by drastic change along a single configuration
coordinate: a stretching mode that corresponds to the symmetric elongation of
the six FeN bonds (the so-called breathing mode). Hence our model with reduced
degrees of freedom enables us to investigate the dynamics of the LIESST process
using both complementary quantum chemical tools of time-dependent DFT and
multi-configurational wave function-based approach of complete active space self-
consistent field (CASSCF). We calculate the potential energy curves (PECs) of
low-energy states, as well as spin-orbit couplings at crossing points of these PECs.
Inputting these pieces of information, and the information related to nuclear de-
grees of freedom within the Franck-Condon theory, we compute the relaxation
rates of possible LIESST mechanisms. Comparison of the computed rates of the
model system with that of the real systems leads us to conclude that TDDFT is a
less expensive and reasonable approach to describe LIESST processes. This find-
ing makes the application of TDDFT to real complexes promising, which would
involve handling complex structures containing 100 to 200 atoms. Calculation of
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relaxation rates of real complexes may provide a microscopic understanding of
the relationship between the structure and the relaxation rate.

3.2 Computational details

All the density functional-based calculations are performed using Q-Chem 5.0
package. [8] Constrained optimizations of the quintet and singlet state struc-
tures are performed at the DFT level keeping the position of atoms frozen as
in real molecule allowing only the hydrogen atoms in the model systems to re-
lax. The exchange-correlation functional within DFT formulation is chosen as
Becke’s nonlocal three-parameter hybrid functional combined with the Lee-Yang-
Parr correlation functional with 20% exchange(B3LYP).[9] The values of a, b and
c parameters[10–12] in B3LYP are fixed at default values, a = 0.2, b = 0.72 and
c = 0.81. The triple zeta valence basis set, [13] as implemented in Q-chem 5.0, is
used for all the atoms. The structures are considered to be optimized when the
calculations satisfy the default optimization criterion of Q-Chem software i.e.,
the maximum component of the gradient is less than 3 ×10−4 a.u. along with
energy change less than 10−6 in Eh between successive iterations. In order to
have a proper assessment of the performance of TDDFT, in addition to B3LYP,
two more functionals, namely M06-L[14] and OLYP[15] are tested.

Time-Dependent DFT [16] calculations are carried out to determine the ex-
cited states of the quintet, triplet, and singlet spin states with 20 excited states.
The intermediate geometries are obtained by linear interpolation between the
HS and LS-optimized geometries. In total six such geometries are generated to
obtain the potential energy curves (PECs).

The CASSCF [17] as well as CASPT2[18] calculations are performed with a
TZV basis set, as in the case of TDDFT, using Molpro 2018 package. [19] Here,
we use a [10e,12o] active space comprising 10 electrons occupying 12 orbitals.
The active space consists of five iron 3d orbitals, two bonding ligand orbitals
of eg symmetry, and five iron 4d orbitals to describe the so-called double shell
effect. For excited state calculation, we employ the state average (SA) method
as implemented in the software employing the same choice of active space. The
one-electron Breit Pauli Hamiltonian [20] is employed to calculate the spin-orbit
coupling for both TDDFT and CASSCF/CASPT2 states.

3.3 Results

3.3.1 Structural details

[Fe(abpt)2(NCS)2] is a six-coordinated mononuclear iron (II) based complex, in
which Fe(II) is four-coordinated by bidenate ligands, abpt [4-amino-3,5-bis(pyridin-
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2-yl)-1,2,4-triazole], and two-coordinated by monodentate ligands, isothiocyanate
(NCS) at apical positions, as shown in right panel of Figure 3.1. In bidenate lig-
and, abpt, two pyridine rings are connected to 3 and 5 positions of a 1,2,4-triazole
ring, and an amino group is attached to the 4 position of the triazole ring. It
is evident from HS and LS structures reported at 30K,[7] that in the process of
spin transition, a significant change of geometry occurs primarily within FeN6

octahedron. The volume of the octahedron changes from 12.957Å3 to 10.076 Å3

as the system transits from HS to LS state. In both the spin state structures, all
four C-C bond lengths in the pyridine ring are around 1.39Å, and two C-N bond
lengths in the ring are 1.34Å and 1.36Å, respectively. Similarly, the triazole
ring hardly changes between the two spin-state structures, with N-N bond length
around 1.36Å, four C-N bond lengths of 1.32Å, 1.36Å, 1.37Å, 1.32Å, and bond
length connecting N-N with amino group being 1.43Å.

Figure 3.1: Left panel shows the real structure. Central atom Fe is surrounded
by six N atoms forming an octahedral structure. The medium-sized golden and
red balls represent C and N respectively. The small sky blue balls represent the H
atoms while the brown medium-sized balls denote S. Right panel shows the model
system built out of the real system keeping the FeN6 octahedra unchanged. Here
S is replaced by O (green medium-sized balls) and the farther away structure is
simplified, keeping the asymmetry of the real molecule preserved (see text for
details).

As mentioned above, in order to keep the computation tractable, especially
for multi-reference calculations, a simplified model system is used in our study.
The simplified model system (cf left panel, Figure 3.1) is constructed from the
real system keeping the HS and LS geometries of the FeN6 octahedron unchanged
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and making drastic simplification of ligands, though keeping their basic nature
unaltered. For example, the bidentate ligand abpt is modified in such a way that
it remains bidentate, and the asymmetric nature of the ligand-field as in the real
system is preserved. For this, first the amino group is removed along with the
nitrogen atom through which it is connected to triazole ring. Similarly one of the
pyridine ring is removed along with carbon atom through which it is connected
to triazole ring. Instead three hydrogen atoms are attached at their positions
so that the valency of the structure is maintained. The other pyridine ring is
removed partially where three carbon and three hydrogen atoms in the structure
are replaced by three hydrogen atoms. Finally, the sulphur atom of monodentate
NCS ligand is replaced by oxygen atom.

In building up the model, the atoms in the nearest shell and next nearest
shell of Fe are chosen to be as the real system. This we believe is an improvement
on the model used by many groups where they have substituted all the ligands
as NCH[21], as we keep not only the same nearest neighbor but also the next
nearest neighbor. Furthermore, the heterogeneity of the ligands in the xy plane
and along the z-axis is also preserved in our model. In order to judge the goodness
of replacement of S by O, we perform B3LYP calculations on the high and low spin
structures of O and S substituted species and find that the ∆EHL is 2068 cm−1 in
S substituted as compared to 1561 cm−1 in O substituted species, which indicates
that S substitution would have made the low spin state somewhat more stable.
However, due to computational challenges in the multireference calculations, we
use O substitution, which still retains the heterogeneity of the Fe environment.
In the table-3.1, we provide the atomic coordinates of the optimized LS and HS
structures, used in the present study, along with their vibrational properties.

Mode type Bond Freq.(IR) Freq.(IR)
cm−1 cm−1

(KM/Mole) (KM/Mole)
HS LS

Symm str. Fe-N1 , Fe-N5 104.62 (17.30) 269.85 (0.11)
Asymm str. Fe-N1 , Fe-N5 369.14 (507.30) 533.94 (110.47)
Asymm str. Fe-N3 , Fe-N7 130.35 (0.42) 472.40 (5.52)
Symm str. Fe-N3 , Fe-N7 435.57 (16.60) 484.91 (9.73)
Bending Fe-N6-N1 260.44 (61.39) 306.64 (0.02)

Symm str. N7-C8, N3-C4 1572.46 (0.07) 1629.90 (5.45)
Asymm str. N7-C8, N3-C4 1577.05 (590.71) 1634.25 (1.67)
Symm str. N1-C1-O1, N5-C5-O2 2182.20 (0.02) 2224.64 (336.07)

Asymm str. N1-C1-O1, N5-C5-O2 2168.50 (2722.07) 2212.51 (1644.13)

Table 3.1: Vibrational Analysis of HS and LS structure
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Figure 3.2: Left panel shows PEC’s of the low-lying energy states of the SCO
model system as function of the mean Fe-N distances resulting from TDDFT
calculation. Blue lines with closed circles denote the singlet states, red lines with
open circles denote the quintet states and green lines with hashed circles denote
the triplet states. We also indicate the LIESST pathway using arrows i.e., S-es*-
1→T-es*-1→Q-es*-1→Q-gs. Labels 1 and 2 indicate first and second crossings.
Right panel shows the pathways in terms of energy level diagram. Solid line refers
to electronic transition, dashed line refers to ISC step and dotted line refers to
IC step. Black dots refers to crossing point between the excited states involving
ISC.

3.3.2 Potential Energy Curves of Low-energy States, Re-
laxation Processes

Possible mechanism of LIESST[22, 23] can be described as follows. Fe(II) 3d6 sys-
tem in LS singlet ground state is first photo-excited to an excited singlet state.
Then spin transition occurs through a relaxation process involving a number of
intersystem crossing (ISC) and internal conversion (IC) steps. Typically, a system
relaxes to the intermediate states and finally back to the metastable HS quintet
state where it gets trapped at cryogenic temperature (typically T < 50K), be-
fore relaxing back to LS ground state. For Fe(II) system low lying triplet and
excited quintet states may play the role of intermediate states within the d-d de-
excitation scenario. Spin-orbit coupling can mix the ground LS and metastable
HS states only via them. [24] The first step to elucidate on the dynamics of the
intersystem crossing process of a given metal-organic complex, is the information
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Figure 3.3: Same as Figure 3.2, but shown for the second possible pathway (S-
es*-1→T-es*-1→Q-es*-2→Q-gs), as given in TDDFT calculation.

of the potential energy curve (PEC)s of the low-energy states of singlet, triplet
and quintet multiplicity, and the crossing between these states. Several possible
pathways may be proposed for the LIESST mechanism from the computed PECs.
In the following we do so, using both TDDFT and multi-reference approaches of
CASSCF and CASPT2.

TDDFT results- We start our discussion on the choice of exchange-correlation
functional in DFT. It has been found [25] that the HS-LS splitting depends sensi-
tively on the amount of Hartree-Fock(HF)-like exchange included in the exchange
functional. In line with these findings, we also find pure HF theory artificially
stabilizes HS relative to LS, leading to splitting energy -10,000 cm−1. On the
other hand, pure density functionals with no HF exchange such as local den-
sity approximation and various generalized gradient approximations favor the LS
state unphysically. [26] B3LYP with 20% mixing of HF exchange is found to
be a good choice. B3LYP in our studied system stabilizes the LS state over HS
state with ∆EHL=1561 cm−1. Repeating the calculations with choice of other
functionals like M06-L and OLYP, also stabilizes the LS state over the HS state
for the system under discussion with ∆EHL values of 1756 cm−1, and 621 cm−1,
respectively. While the ∆EHL values of the system under discussion, turn to be
rather close between B3LYP and M06-L, that of OLYP though smaller in magni-
tude, still keeps the LS state stabler over the HS state. ∆EHL calculated within
DFT is summarized in Table-3.2.
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Functional B3LYP M06-L OLYP
∆EHL in cm−1 1561 1756 621

Table 3.2: Comparison of Ground HS-LS state splitting calculated within DFT

Figure 3.4: Same as Figure 3.2, but shown for the third possible pathway (S-es*-
1→T-es*-1→T-gs→Q-es*-1→Q-gs), as given in TDDFT calculation.

The following described results are obtained using B3LYP with 20% mixing
of HF exchange. For results obtained with M06-L and OLYP, refer to figure-
3.5, 3.6, and 3.7. The PECs for ground state (gs) and a few low-lying excited
states (es) of singlet (S), triplet (T), and quintet (Q) multiplicity, as computed
in TDDFT(B3YLP) is shown in the left panels of Figures 3.2, 3.3 and 3.4. The
excited states are labeled as S-es*-n, T-es*-n, and Q-es*-n, according to increasing
energy.

Following the crossing of these TDDFT computed PECs, three possible path-
ways for LIESST may be proposed, that fulfill the general mechanism of LIESST.
These are illustrated in Figures 3.2, 3.3, and 3.4, respectively, both in terms of
identification of crossing points, labeled as 1, 2, 3. . ., and energy level diagrams.
In all the identified processes, the system first undergoes a spin-conserving tran-
sition from the singlet ground state (S-gs) to 1st excited singlet state (S-es*-1).
Then it encounters the first intersystem crossing from S-es*-1 to the 1st excited
triplet state (T-es*-1). In the first process (cf Figure 3.2), the system further
relaxes to the 1st excited quintet (Q-es*-1) state through the second ISC step.
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Figure 3.5: Left panel shows PECs of the low-lying energy states of the SCO
model system as a function of the mean Fe-N distances resulting from TDDFT
calculation with M06-L functional. The right panel shows the pathways in terms
of the energy level diagram. The solid line refers to electronic transition, the
dashed line refers to the ISC step and the dotted line refers to the IC step. Black
dots refer to the crossing point between the excited states involving ISC. LIESST
pathways: S-es*-1→T-es*-1→Q-es*-1→Q-gs

The system reaches the Q-gs by an internal conversion step from Q-es*-1 to Q-gs,
giving rise to a three-step LIESST mechanism, S-es*-1→T es*-1→Q-es*-1→Q-gs.
In the second possible process (cf Figure 3.3), the subsequent relaxation happens
to the second excited quintet (Q-es*-2) state through the second ISC step and
finally to the Q-gs state by an IC step, giving rise to another possible three-
step pathway: S-es*-1→T-es*-1→Q-es*-2→Q-gs. In the third possible process
(cf Figure 3.4), the system undergoes an IC from T-es*-1 to triplet ground state
(T-gs). Next, it encounters the second ISC step to the first excited quintet state
and finally reaches the Q-gs state by the second IC step, giving rise to a four-step
pathway: S-es*-1→T-es*-1→T-gs→Q-es*-1→Q-gs.

CASSCF results- In CAS based method, the choice of active space plays a cru-
cial role in the determination of electronic states, especially for SCO compounds.
In our chosen (10e,12o) active space, the reference wave function is built by the
following procedure: i) six electrons distributed over the five molecular orbitals
corresponding to the antibonding combinations of Fe 3d and the ligand valence
orbitals are considered. ii) five virtual orbitals with predominant iron d character
are included in the active space, in order to describe the double-shell effect, i.e.,
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Figure 3.6: Left panel shows PECs of the low-lying energy states of the SCO
model system as a function of the mean Fe-N distances resulting from TDDFT
calculation with M06-L functional. The right panel shows the pathways in terms
of the energy level diagram. The solid line refers to electronic transition, the
dashed line refers to the ISC step and the dotted line refers to the IC step. Black
dots refer to the crossing point between the excited states involving ISC. LIESST
pathways: S-es*-1→T-es*-1→T-gs→Q-gs

radial correlation effects within the iron 3d shell. iii) finally, two bonding orbitals
of eg symmetry with four electrons are included to describe non-dynamic corre-
lation effects associated with covalent metal-ligand interactions. This choice of
active space ensures the balanced description of the dynamical correlation associ-
ated with the iron 3d electrons and non-dynamical correlation effects associated
with the covalent metal-ligand interactions as reported by Pierloot et al. [27] The
natural orbitals involved in high spin (10e,12o) CASSCF calculation, are shown
in Figure 3.8.

With the above choice, we first calculate ∆EHL, the first step of any SCO
calculation. As mentioned above, our CASSCF calculation shows the HS state
to be stable compared to the LS state, with the relative stability of ∆EHL=-
2040 cm−1. This is in contradiction with the observed SCO properties of the
[Fe(abpt)2(NCS)2] molecule. Suaud et al. [21] found the same characteristics of
the electronic states using the same active space in model [Fe(NCH)6]2+ complex
as well as [Fe(dipyrazol-pyridine)2]2+ complex of the [Fe(dipyrazolpyridine)2]2+(BF4)2

compound. This may indicate the bias of the multi-configurational approach to-
wards HS stabilization.

Based on the CASSCF computed PECs for singlet, triplet, and quintet ground
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Figure 3.7: Same as Figure-1 but resulting from TDDFT calculation with OLYP
functional. LIESST pathways can be indicated as S-es*-1→T-gs→Q-gs

states and a few low-lying excited states, we find two possible pathways for
LIESST. In both processes, the system after undergoing the spin-conserving sin-
glet ground state to the first excited singlet state transition, encounters the first
intersystem crossing from S-es*-1 to T-es*-4. In the first process (cf Figure 3.9),
the system further relaxes to the triplet ground state through an internal conver-
sion step. Next, it undergoes a second ISC from T-gs to the 2nd excited quintet
state, from which the system reaches Q-gs by the second IC step, generating
the pathway given by: S-es*-1→T-es*-4→T-gs→Q-es*-2→Q-gs. In the second
process (cf Figure 3.10), the system undergoes a second ISC from T-es*-4 to the
third excited quintet state (Q-es*-3), followed by an IC step to Q-gs. Thus, the
second possible pathway for LIESST is: S-es*-1→T-es*-4→Q-es*-3→Q-gs.

CASPT2 results- To ascertain whether the inclusion of dynamical correlation
improves the situation, we further calculate ∆EHL within CASPT2 with cho-
sen (10e,12o) active space. We find the inclusion of dynamic correlation does
improve the situation, bringing down the bias towards the high spin solution.
The ∆EHL, computed within CASPT2, is found to be -1229 cm−1, as opposed
to -2040 cm−1 in CASSCF.(Table-3.3) This in turn highlights the importance of
dynamical correlation in the proper description of the stability of the LS state
within the multireference system.

Considering the CASPT2 computed PECs for singlet, triplet, and quintet
ground state and few low-lying excited states, two possible pathways are found
(see figure-3.11), given by S-es*-1→T-es*-4→T-gs→Q-es*-2→Q-gs, and S-es*-
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Ligand

Fe-3d

Fe-3d'

Figure 3.8: The natural orbitals in HS [10e,12o] CASSCF calculation along with
their occupations.

1→T-es*-4→Q es*-3→Q-gs, as found for CASSCF.
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Figure 3.9: Left panel shows PECs of the low-lying energy states of the SCO
model system as functions of the mean Fe-N distances resulting from CASSCF
calculation. Blue lines with closed circles denote the singlet states, red lines with
open circles denote the quintet states, and green lines with hashed circles denote
the triplet states. We also indicate the possible LIESST pathway using arrows
i.e., S-es*-1→T-es*-4→T-gs→Q-es*-2→Q-gs. Labels 1 and 2 indicate the first
and second crossings. The right panel shows the pathway in terms of the energy
level diagram. The solid line refers to electronic transition, the dashed line refers
to ISC and the dotted line refers to the IC step. Black dots refer to the crossing
point between the excited states involving ISC.
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Figure 3.10: Same as in Figure 3.9, but shown for the second possible pathway
(S-es*-1→T-es*-4→Q-es*-3→Q-gs), as suggested in CASSCF calculation.

Functional CASSCF CASPT2
∆EHL in cm−1 -2040 -1229

Table 3.3: Comparison of Ground HS-LS state splitting calculated within
CASSCF and CASPT2 theory

3.3.3 Calculated Rate Constants

As discussed in the chapter-1, low-temperature HS→LS relaxation rate involves
two components, one is electronic and the other is nuclear. The electronic con-
tribution thus can be computed from knowledge of energy differences ∆ES(Q),j,
and SOC matrix elements. Similarly, the nuclear contribution can be computed
from the horizontal (for s) and vertical (for p) displacements of the HS and LS
ground
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Figure 3.11: Same as Figure-1 but resulting from CASPT2 calculation. LIESST
pathways for top panel: S-es*-1→T-es*-4→T-gs→Q-es*-2→Q-gs and for bottom
panel: S-es*-1→T-es*-4→Q-es*-3→Q-gs
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states relative to each other, vibrational frequencies (ω) and force constant
(f ) associated with the excited states. As discussed above, TDDFT within
B3YLP provides three possible pathways for LIESST of the studied system, while
CASSCF and CASPT2 calculation results in two possible pathways. Out of the
three TDDFT(B3LYP) suggested pathways, the first and second processes in-
volve two intermediate states coupled by two ISC steps and one IC step, while
the third one involves three intermediate states coupled by two ISC steps and
two IC steps. Out of the two CASSCF and CASPT2 pathways, the first one
involves two intermediate states coupled by two ISC steps and one IC step, and
the second one involves three intermediate states coupled by two ISC steps and
two IC steps. The choice of M06-L and OLYP functionals in TDDFT, on the
other hand, provides two and one possible pathways, involving two ISC steps
and one IC step for both processes in M06-L, and two ISC steps in OLYP (see
figure-3.5, 3.6, 3.7 for details). The energy difference ∆ES(Q),j and SOC matrix
elements involved in the ISC processes of LIESST mechanism for TDDFT and
CASSCF/CASPT2 study are shown in Table 3.4 and Table 3.5, respectively.

Functional Process ISC states SOC ∆E
(cm−1) (cm−1)

B3LYP S-es*-1→T-es*-1→ S-es∗-1, T-es∗-1 35.72 4113
Q-es*-1→Q-gs T-es∗-1, Q-es∗-1 39.23 5484

S-es*-1→T-es*-1→ S-es∗-1, T-es∗-1 35.72 4113
Q-es*-2→Q-gs T-es∗-1, Q-es∗-2 19.31 3629

S-es*-1→T-es*-1→T-gs→ S-es∗-1, T-es∗-1 35.72 4113
Q-es*-1→Q-gs T-gs, Q-es∗-1 28.32 3387

M06-L S-es*-1→T-es*-1→ S-es∗-1, T-es∗-1 19.64 455
Q-es*-1→Q-gs T-es∗-1, Q-es∗-1 12.65 4085

S-es*-1→T-es*-1→ S-es∗-1, T-es∗-1 19.64 455
T-gs→Q-gs T-gs, Q-gs 11.25 4588

OLYP S-es*-1→T-gs→Q-gs S-es∗-1, T-gs 16.75 415
T-gs, Q-gs 11.50 4678

Table 3.4: The pathway, involved energy states, SOC matrix element, and in-
volved energy denominators for LIESST as given in TDDFT calculations, with
the choice of various functionals.

For the calculation of the nuclear part of the rate constant, we assume that
the PECs are harmonic in nature. The corresponding force constants are evalu-
ated by fitting the PECs in a quadratic equation and vibrational frequency ω is
determined using the reduced mass of the coordinating atoms (= 14) as suggested
by Buhks et al.[24] Using these values, Huang-Rhys factor, s and reduced energy
gap, p are calculated for TDDFT and CASSCF electronic states using Eq.(1.4)
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and Eq.(1.5), respectively. Finally, the relaxation rate constant is estimated using
Eq.(1.1). Table 3.6 shows the comparison of rate constants and their governing
parameters resulting from both TDDFT and CASSCF/CASPT2 calculations.

Method Process ISC states SOC ∆E
(cm−1) (cm−1)

CASSCF S-es*-1→T-es*-4→T-gs→ S-es*-1, T-es*-4 76.32 1129
Q-es*-2→Q-gs T-gs, Q-es*-2 87.87 4355

S-es*-1→T-es*-4→ S-es*-1, T-es*-4 76.32 1129
Q-es*-3→Q-gs T-es*-4, Q-es*-3 68.95 3549

CASPT2 S-es*-1→T-es*-4→T-gs→ S-es*-1, T-es*-4 112.46 3157
Q-es*-2→Q-gs T-gs, Q-es*-2 346.94 944

S-es*-1→T-es*-4→ S-es*-1, T-es*-4 112.46 3157
Q-es*-3→Q-gs T-es*-4, Q-es*-3 86.42 452

Table 3.5: The pathway, involved energy states, SOC matrix element, and in-
volved energy denominators for LIESST as given in CASSCF and CASPT2 cal-
culations.

Considering the different possible pathways, and their associated relaxation
rates, the LIESST process will be determined by the fastest process. Thus among
the considered low-energy states and the processes, suggested by TDDFT in its
B3LYP flavor, the LIESST mechanism will be dominantly contributed by S-
es*-1→T-es*-1→Q-es*-1→Q-gs process with a rate of 7.89 × 10−1 sec−1. Use
of M06-L functional within TDDFT produces a comparable rate of 9.5 × 10−1

sec−1, while OLYP gives a rate of 3.46 × 10−1 sec−1. Thus, the three functionals
tested in this study, provide rates that are consistent with each other, within the
accuracy range of various functionals.

Moving to multireference approaches, as suggested by CASSCF, it will be con-
tributed by S-es*-1→T-es*-4→T-gs→Q-es*-2→Q-gs with a rate of 7.57 × 10−5

sec−1. Inclusion of dynamical correlation within CASPT2, the rate corresponding
to the process contributed by S-es*-1→T-es*-4→T-gs→Q-es*-2→Q-gs, becomes
1.76 × 10−3 sec−1, which is two orders of magnitude faster than that suggested
by CASSCF, and closer to TDDFT estimates.

As mentioned, Hauser et al.[5] measured the relaxation rates for several Fe(II)
coordination compounds using time-dependent optical spectroscopy, which showed
a large variation over a range of 12 orders of magnitude. From the summarized
data, presented in Table I of Ref.[5], a correlation between T1/2, reduced energy
gap, and the rate is noticed. Following that trend, with T1/2 value of 180K of
[Fe(abpt)2(NCS)2], the p value would have been in the range 3-4, relaxation rate
being of the order of 10−1 sec−1. The TDDFT calculated value of p of 3 and
rates in the range 6-7 × 10−1 sec−1 for the model system thus fits this trend,
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Method Process f s p βHL kHL
(cm−1) (sec−1)

TDDFT 1. S-es*-1→T-es*-1→ 3.44 28.83 3 0.5974 7.89
(B3YLP) Q-es*-1→Q-gs ×10−1

2. S-es*-1→T-es*-1→ 0.3578 2.84
Q-es*-2→Q-gs ×10−1

3.S-es*-1→T-es*-1→T-gs→ 0.5446 6.57
Q-es*-1→Q-gs ×10−1

TDDFT 1. S-es*-1→T-es*-1→ 3.49 28.63 3 0.6071 9.5
(M06-L) Q-es*-1→Q-gs × 10−1

2. S-es*-1→T-es*-1→ 0.5340 7.35
T-gs→Q-gs ×10−1

TDDFT 1. S-es*-1→T-gs→ 2.51 24.34 1 0.5053 3.46
(OLYP) Q-gs × 10−1

CASSCF 1. S-es*-1→T-es*-4→T-gs→ 7.36 41.20 2 7.48 7.57
Q-es*-2→Q-gs ×10−5

2. S-es*-1→T-es*-4→ 6.14 5.11
Q-es*-3→Q-gs ×10−5

CASPT2 1. S-es*-1→T-es*-4→T-gs→ 6.46 38.98 1 53.69 1.76
Q-es*-2→Q-gs × 10−3

2. S-es*-1→T-es*-4→ 24.58 0.37
Q-es*-3→Q-gs ×10−3

Table 3.6: Force constant(f) ×105 in dyne/cm, Huang-Rhys factor(s), reduced
energy gap(p), electronic coupling matrix element(βHL), and rate constant(kHL)
determined for different suggested pathways by TDDFT with choice of different
functional, and multi-reference approaches like CASSCF and CASPT2

.

while CASSCF with its severe caveat of the negative value of ∆EHS gives the
rate much slower (10−5 sec−1) with a smaller p value of 2. Treatment of dynami-
cal correlation within the CASPT2 framework improves the situation in terms of
having a less negative ∆EHS, and a rate that is closer to expected.

3.4 Conclusions and Discussions

To conclude, motivated by the challenging nature of the problem, we computa-
tionally investigate the LIESST problem, and compare the results of two com-
plementary techniques of multi configurational wave function-based approach
(CASSCF/CASPT2) and density functional-based approach (TDDFT). To make
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the computation tractable, we consider a hypothetical model system built from
a real complex, showing thermal SCO and LIESST. In building up the model
system, the geometry of the SCO core, FeN6 is kept fixed as in real complex,
while the long-range, complex structure of the ligand is simplified considerably,
maintaining the asymmetry of the ligand field of the real complex. Comparing
the results of TDDFT in its different flavors of choice of functionals and CASSCF
within our computational parameter settings, firstly we find CASSCF gives rise
to unphysical stabilization of HS state over LS state, contradicting SCO behav-
ior of the studied material, while the DFT with choice of different functionals
shows the correct stability. CASPT2 calculations to include the effect of dy-
namical correlation, make the unphysical stabilization of HS state over LS state
much less severe, compared to that in CASSCF, stressing the importance of in-
clusion of dynamical effect. Continuing nevertheless with the calculation of PECs
of the low-energy states, identification of crossing points and resultant LIESST
pathways, and the spin-orbit coupling matrix at crossing points, we compute the
electronic contributions in the two methods. Incorporating this information along
with the evaluation of nuclear contribution within the Franck-Condon model, we
arrive at computed values of rate constants of the studied system. Based on
the comparison of computed rates with the experimentally found trend[28] we
conclude that the rates are captured reasonably by TDDFT.

We end the discussion with possible scopes of improvement. As reflected in
the present study, the inclusion of dynamical correlation within the scope of the
multi-reference approach is important, to capture the correct ground state stabil-
ity. Our treatment of dynamical correlation with CASPT2 indicates that to be
the right direction, but cannot fix the problem fully. Higher order treatment of
complete active space perturbation theory or multi-reference configuration inter-
action (MRCI) method may be explored in this context. Moreover, the possible
participation of ligands in the relaxation process needs to be explored.[29]
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Chapter 4

Trend in Light-Induced
Excited-State Spin Trapping in
Fe(II)-based Spin Crossover
Systems*

4.1 Introduction

As discussed, Fe(II) based molecular complexes are well researched for their SCO
behavior because of their robust and prompt switching of spin state in response
to external stimuli compared to other TM ions. [1–3] In particular, the first-hand
understanding of the dynamics of the light-induced excited spin-state trapping
(LIESST) process of these complexes can be obtained in terms of the relaxation
model based on the Franck-Condon principle as proposed by Hauser et al.[4–6]
The model describes the possible relaxation pathway of the optically triggered
complex from excited LS state to metastable HS state via intermediate states
which may involve several intersystem crossing (ISC) and internal conversion
(IC)[4] as elaborated in Chapter 3 where we utilize the Relaxation model to
compute low-temperature HS to LS relaxation rate kHL (T→0) on a model system
derived out of [Fe(abpt)2 (NCS)2]. kHL (T→0) of the LIESST process is dictated
by the particular pathway. A systematic study of HS to LS relaxation rate kHL
(T) was done by Hauser et al[7] for several Fe(II) coordination complexes in dilute
mixed crystal form in the temperature range 10-270K. From optical spectroscopy
measurement, they showed[7] that kHL (T→0) may vary 14 orders of magnitude,
from ∼10−6 to ∼108 s−1, depending on the choice of the organic ligands. A long-
lived metastable HS state was found in [Fe(ptz)6](BF4)2 indicated by a small

*This chapter is based on publication : Shiladitya Karmakar, Pradip Chakraborty, and
Tanusri Saha-Dasgupta, Physical Chemistry Chemical Physics, 24.17, 10201-10209 (2022).
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value of rate constant (10−6 s−1) leading to slow relaxation.[8] On the other
hand, [Fe(bipy)6](PF6)2 showed a high value of kHL (T→0) of 106 s−1.[9] The
exact reason for this large variation in low-temperature relaxation rate is yet to
be revealed. In this chapter, a computational study of the LIESST in a number
of Fe(II) spin crossover complexes, coordinated by monodentate, bidentate, and
multidentate ligands is carried out, with the goal to uncover the trend in the
low-temperature relaxation rate.

As concluded in chapter-3, despite its single reference character DFT-based
time-dependent density functional theory (TDDFT) with a suitable choice of
exchange-correlation functional may produce a reasonable value of kHL, agree-
ing well with that of actual compound [Fe(abpt)2(NCS)2]. This makes the sit-
uation feasible to apply the TDDFT tools for the microscopic understanding
of the large variation of rate constant depending on the choice of ligands of
varying degrees of size and complexity. Motivated by these findings in the
present chapter, we explore this possibility by considering four different ligands,
1-propyltetrazole (ptz)[10], 2-picolylamine (pic)[11], tris4-[(6-methyl)-2-pyridyl]-
3-aza-butenylamine ((mepy)3tren)[12], 2,2’-bipyridine (bipy)[13], as shown in Fig.
4.1. The choice of the specific ligands is primarily based on the relative stability
of their charge-transfer and ligand-field electronic states. The geometry of the
ligands is expected to exhibit the progressive stabilization of the charge-transfer
and ligand-field states from 1-propyltetrazole to 2,2’-bipyridine. The choice is
further guided by the availability of the experimental data of the studied Fe(II)
complexes.[10–13] Finally, kHL (T→0) of the chosen complexes are estimated and
their microscopic origin of large variation in kHL (T→0) is explored.

4.2 Computational Details

The reference geometries [Fe(ptz)6]2+, [Fe(pic)3]2+, [Fe(mepy)3(tren)]2+ and [Fe
(bipy)3]2+ used for electronic structure calculation are obtained from the exper-
imental crystal structure provided in Ref.[10–13] respectively. Electronic struc-
ture calculations are performed within the framework of density functional the-
ory to obtain ground states and time dependent density functional theory to
obtain the low-lying excited states of singlet, triplet and quintet spin symme-
tries as implemented in the Gaussian16 package.[14] For a LIESST compound
∆E0

HL should be positive and the sign of ∆E0
HL i.e., stability of spin state is

found to sensitively depend on the exchange correlation (XC) functional used
in DFT calculation. To obtain the optimal XC functional capturing correct
ground state for all four LIESST compounds, we use the following six differ-
ent kinds (in total 21) of XC functional as available in Gaussian16[14] package:
1) GGA (PBE[15], BLYP[16, 17], BP86[18, 19], OLYP[20], HCTCH/407[21]),
2)hybrid GGA (B3LYP[22], B3LYP*[23], X3LYP[24], PBE0[25, 26], B97[27],
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Figure 4.1: Four Fe(II) based metal-organic complexes, considered in the present
study. Four organic ligands with different nature of coordination namely
bidentate 2-picolylamine (pic), monodentate 1-propyltetrazole (ptz), hexaden-
tate tris4-[(6-methyl)-2-pyridyl]-3-aza-butenylamine ((mepy)3tren) and bidentate
2,2’-bipyridine (bipy) are shown schematically in four different quadrants of the
outer annular region. Fe, N, C, and H atoms are shown as big-magenta, medium-
blue, medium-green, and small-white balls, respectively. N atoms of each ligand
that contribute to Fe(II)-ligand coordination sphere are highlighted by dashed
circle. The inner circular region shows the octahedral coordination of Fe(II) ion
associated with each complex.
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B98[28]), 3) meta GGA (TPSS[29], M06-L[30], PKZB[31, 32]), 4) hybrid meta
GGA (TPSSh[33], M05[34, 35], M06[36]), 5) range separated hybrid (CAM-
B3LYP[37], LC-BLYP[38, 39]), 6) double hybrid (B2-PLYP[40], mPW2-PLYP[41]).
The triple zeta valence basis set (def2-TZVP[42]), Gaussian kind basis set as im-
plemented in [14], is used for all the atoms. The effect of basis set was carefully
checked, by repeating calculations with cc-pVTZ[43] and 6-311G[44] basis sets,
and best performance was found to be with choice of def2-TZVP. To get the
potential energy curves (PEC’s), six intermediate geometries are generated in
between HS and LS geometries of corresponding compounds by the linear inter-
polation method. To calculate the spin-orbit coupling matrix element at ISC
points, one-electron Breit Pauli Hamiltonian[45] is employed as implemented in
pySOC code[46].

To analyze the covalency associated with each Fe-N bond contributed in FeN6

octahedra for LIESST compounds, we calculate the Crystal Orbital Hamiltonian
Population (COHP)[47]. COHP, the density of states weighted by the corre-
sponding Hamiltonian matrix element, provides the energy resolved visualization
of chemical bonding. For this purpose, LS geometry of each complex is used and
non-spin polarized DFT calculation is carried out using projector augmented-
wave pseudopotentials and the Perdew-Burke-Ernzerhof generalized gradient ap-
proximation (PBE-GGA)[48] as the exchange correlation functional as imple-
mented in the plane-wave-based Vienna ab initio simulation package (VASP)[49].
The cutoff energy of the plane-wave basis is chosen to be 520 eV. To build the
periodic setup, each complex is put inside a simple cubic supercell, so that the
vacuum separation between the complex and its neighboring images is maintained
at around 12 Å. Reciprocal space integrations for self consistent field calculations
are performed at the Γ point. Projected COHP is calculated by taking the projec-
tion into an auxiliary linear combination of atomic orbitals (LCAO) basis using
the Lobster code[50]. The consistency of results between Gaussian and plane
wave calculations has been checked.

4.3 Results

4.3.1 Exchange correlation and HS-LS energy gap

Thermodynamically, the enthalpy gap between the HS and the LS states of the
SCO complex should be of the order of thermally accessible energies, kBT. It
favours the LS state at low temperature and is overcome by entropy difference as
temperature increases favouring the HS state leading to entropy driven thermal
spin transition. Structure-wise, LS to HS transition is accompanied by consider-
able elongation of the iron-ligand bond length in HS state (rHS) compared to that
of LS state (rLS), consistent with the promotion of two electrons from the octahe-
drally split non-bonding t2g orbitals to the antibonding eg orbitals. Typically for
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Figure 4.2: Calculated values of ∆E0
HL plotted against T1/2 for four different

complexes, for a choice of range of XC functionals, belonging to the broad class
of GGA (A), range separated GGA (B), meta GGA (C), hybrid-meta GGA (D),
hybrid GGA (E), and double hybrid (F). The lines are guide to eye, with each
data point representing the specific compound. The ∆E0

HL values estimated from
measured T1/2 are also shown for comparison, as a blue line with data-points of
compounds in asterisk symbols.
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Fe2+ ions, ∆RHL = rHS - rLS is found to lie in the range of 0.16-0.22Å. Hence,
the two parameters, ∆EHS−LS and ∆RHL signifying the vertical and horizontal
displacement of ground state potential energy curve, respectively, play key roles
in determining the low temperature HS to LS relaxation rate.

In the following we discuss the estimation of the electronic energy difference
between HS and LS states of the SCO compound i.e., ∆E0

HL = EHS −ELS. This
quantity can be approximately set equal to standard enthalpy difference ∆H0

HL

and roughly estimated by the following relation ∆E0
HL ≈ ∆H0

HL = ∆S0
HLT1/2

where T1/2 is the thermal spin transition temperature and ∆S0
HL is the entropy

difference. Although ∆S0
HL is dependent on SCO complex, but it is found to vary

within a small range (∼ 5cm−1K−1)[4]. So given the experimental value of T1/2 of
SCO complexes, it is possible to have an experimental estimate of ∆E0

HL. ∆E0
HL

values estimated from experimentally reported T1/2 together with kHL (T→0),
for the four complexes under study are listed in Table 4.1.

Since the numerical value of ∆E0
HL is small, its calculation is extremely sen-

sitive to a bias towards a particular spin multiplicity. Hartree Fock (HF) method
systematically favours higher spin multiplicities since the correlation between
electrons with the same spin projection (Fermi correlation) is taken into account
by exchange interaction. For example, the four unpaired 3d electrons in a Fe(II)
HS complex avoid each other to a large extent due to the orthogonality of the 3d
orbitals. On the other hand, in the LS complex, three lower energy 3d orbitals
are doubly occupied. Due to the monodeterminantal form of the wavefunction,
the spin-up and spin-down electrons occupying the same 3d orbital cannot avoid
each other to the same extent. As a result, in the LS case, the Coulomb repulsion
between the electrons is too large. Within the wavefunction based theory, the
accuracy of the results beyond HF can be systematically improved by resorting to
methods by improving the treatment of the static and dynamic correlation effects,
for example through complete active space self-consistent field (CASSCF)[51] or
computationally more expensive CASPT2[52]. Our previous model study[53] dis-
cussed in the chapter-3 showed even the use of CASSCF could not remedy the
issue of HF namely ∆E0

HL turned out to be negative. ∆E0
HL , calculated within

CASPT2, turned to be also negative but was found to have a significantly reduced
value compared to CASSCF. This undoubtedly hints towards the importance of
inclusion of the dynamical effect, which possibly requires even improved treatment
of the dynamical correlation beyond CASPT2, through high-level coupled-cluster
(CC) methods[54–56]. However, such methods are significantly limited by sys-
tem size. For example, the CCSD and CCSDT methods have canonical scaling
of O(N6) and O(N8), respectively, thus making them unsuitable for studying the
trend involving simple to complex ligands of varying sizes. In contrast, the appli-
cation of DFT is not restricted to small system sizes, due to its single reference
nature.

In DFT approach, on the other hand, the results are strongly dependent on the
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Compound Reference T1/2(K) ∆ E0
HL kHL

(cm−1) (T → 0)
(s−1)

[Fe(ptz)6] Ref[8] T↑ = 128K 655 3 × 10−5

(BF4)2 T↓ = 134K
[Fe(pic)3] Ref[8] T1 = 122K 590 5 × 10−4

Cl2.MeOH T2 = 114K
[Fe(mepy)3(tren)] Ref[12] 214K 1070 7.2 × 10−2

(PF6)2

[Fe(bipy)3] Ref[9] 800K LS 4000 104 - 108

(PF6)2

Table 4.1: Estimated value of ∆E0
HL from T1/2, and reported value of kHL in

literature.[8, 9, 12]

exchange-correlation (XC) functional used. ∆E0
HL is thus computed for a range of

21 different exchange correlation functionals of varying degrees of sophistication of
the functional, belonging to the broad class of GGA (PBE, BLYP, BP86, OLYP,
HCTCH/407), hybrid GGA (B3LYP, B3LYP*, X3LYP, PBE0, B97, B98), meta
GGA (TPSS, M06-L, PKZB), hybrid meta GGA (TPSSh, M05, M06), range
separated hybrid (CAM-B3LYP, LC-BLYP), double hybrid (B2-PLYP, mPW2-
PLYP). A brief review of the mentioned functionals are given in the chapter-2. We
judge the performance of different functionals by comparing the calculated ∆E0

HL

with experimentally determined estimates of ∆E0
HL. The goal is to find a choice

of XC functional, that provides optimized performance for all four compounds.
The results are summarized in Fig 4.2.

As found, double hybrid functionals strongly underestimate ∆E0
HL and fail to

provide the correct sign for all compounds. Among the range separated hybrid
functional, CAM-B3LYP underestimates the ∆E0

HL and fails to provide the right
sign except for bipy compound. Within hybrid meta functionals, M05, M06 un-
derestimate ∆E0

HL and fail to provide the correct sign. TPSSh tends to give the
correct sign, but overestimates ∆E0

HL. Most of the Hybrid Functionals underes-
timate ∆E0

HL and often fail to produce right sign. Within GGA, PBE, BLYP,
BP86 overestimates ∆E0

HL, though tend to produce the right sign. HCTH and
OLYP on the other hand, underestimate ∆E0

HL. The best performance is found
to be that of range separated hybrid functional of LC-BYLP, followed by meta
GGA functional of M06L. The deviation from the expected values in LC-BLYP
was found to be within 1-2 kcal/mol for all four compounds (1.09 for ptz, -1.22
for mepy-tren, 0.10 for pic and -2.1 for bipy). In the remaining part of the study,
the calculations are carried out with the choice of LC-BYLP XC and choice of
def2-TZVP basis set.
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Complex Process ISC states SOC ∆E βHL
(cm−1) (cm−1) (cm−1)

[Fe(ptz)6]2+ S-es*-1→T-es*-4 S-es*-1, T-es*-4 107 5640 2.07
→T-gs→Q-gs T-gs, Q-gs 91 4730

[Fe(pic)3]2+ S-es*-1→T-es*-3 S-es*-1, T-es*-3 110 2822 4.99
→T-gs→Q-gs T-gs, Q-gs 78 4382

Table 4.2: The calculated pathway, involved energy states, SOC matrix element,
and involved energy denominators for LIESST of ptz and pic complexes.

4.3.2 LIESST mechanism and Calculated Rate Constant

The mechanism of LIESST is complex and its description strongly depends on
the nature of the chosen ligand. A possible scenario is d-d excitation-deexcitation
scenario, which holds when the d manifold is widely separated from the metal-
ligand charge-transfer (MLCT) manifold. The d manifold for ptz complexes has
been shown to be widely separated from the charge-transfer manifold[57]. Al-
though there is no report focusing exclusively on the ultrafast dynamics of the
pic-complex, we envision that since the nature of the complex is very similar to
ptz-complex, pic-complex would show similar excited state energetics and LIESST
mechanism.[58] Thus, d-d excitation-deexcitation scenario is a valid scenario for
the two out of four complexes under discussion namely ptz and pic complexes.

However, the LIESST mechanism is expected to be different and much more
complicated for [(6-mepy)3tren] and bipy complexes where the charge-transfer
states are low-lying and would hide the d-d transition of the LS species. The
ultrafast dynamics for [(6-mepy)3tren] and its low-spin analog [(py)3tren] were
probed and explained in detail by McCusker and coworkers that show a rather
complicated relaxation pathway upon excitation into the charge-transfer states
[59–61]. For bipy, the excited state dynamics and the role of ligand-field states
are complicated and debatable. As covered in the landmark work by Aubock and
Chergui [62] and Bressler et al. [63] as well as in [64], the photoexcitation and
relaxation process in the bipy complex possibly is a complicated pathway involv-
ing both MLCT and d states. Although the photoexcitation from the ground
LS state to the excited d manifolds is not possible for [(6-mepy)3tren] and bipy
complexes, the role and involvement of the intermediate d states during LIESST
via excited states relaxation are, however, found to be non-negligible [65, 66]

Keeping the above complex scenario in mind, in the following we thus focus
on only ptz and pic complexes, for which d-d excitation-deexcitation scenario is
a valid scenario, without the complexity of MLCT states.

Within the d-d excitation-deexcitation scenario, the possible pathway of LIESST
involves photoexcitation of the LS singlet ground state to excited singlet state,
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followed by relaxation process to intermediate states and finally to metastable
HS quintet ground state, being trapped at cryogenic temperature (typically T <
50 K), before relaxing back to the LS ground state. Low lying triplet and excited
quintet states may play the role of intermediate states. The first step to elucidate
on the dynamics of the LIESST process of a given metal-organic complex is the
information of the potential energy curves (PECs). In particular, we compute the
PECs of the low-energy states, namely the ground state (gs) and a few low-lying
excited states (es) of singlet (S), triplet (T), and quintet (Q) multiplicity, as a
function of variation of the coordination sphere radius, 〈R(Fe-N)〉, parametriz-
ing the continuous geometry change from LS to HS, and calculate the crossing
points on a 1-dimensional PEC. While this is a simplistic approach, this is a prag-
matic approach given the complexity and diversity of the actual complexes. A
more involved and sophisticated approach considering explicit nuclear quantum
dynamics [67] has been applied in context [68–80] of model system. It will be a
computational challenge to apply such approach to realistic systems.

While there can be many possible pathways, the rate determining pathway is
the one which gives the fastest relaxation rate. In case of both ptz and pic, the
fastest LIESST process turns out to be a three step process as described below.
The system first encounters a spin-conserving transition from singlet ground state
(S-gs) to first-excited singlet state (S-es*-1). Then, it undergoes first ISC from
S-es*-1 to the excited triplet state (T-es*), followed by IC to T-gs. Next, it
encounters the second ISC step to the quintet ground state (Q-gs).

As discussed in the chapter-1, low temperature HS→LS relaxation rate in-
volves two components, one is electronic and other is nuclear. The calculated
value of βHL of the ptz and pic complexes, along with the associated informa-
tion are listed in Table 4.2. For calculation of the nuclear contribution, the
corresponding force constants are evaluated by fitting the PEC’s in a quadratic
equation, assuming the harmonic nature of PEC. The vibrational frequency ω is
determined by using the reduced mass of the coordinating atoms as suggested by
Buhks et al.[81] Using these values, Huang-Rhys factor, the s and the reduced
energy gap, p, and thus the Franck-Condon factor, Fp(T → 0) are calculated for
the four complexes. The results are given in Table 4.3. Finally, the relaxation
rate constant for ptz and pic complexes is estimated using Eq.(1.1). The com-
puted values of kHL (T→0) (sec−1) turn out to be 4.37 × 10−5 and 7.2 × 10−4

for ptz and pic complexes. In spite of rather simplistic approach, the computed
values are found to be in excellent agreement with experimental estimates of 3
× 10−5 and 5×10−4 for ptz and pic complexes respectively, demonstrating the
effectiveness of the adopted computational framework.
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Figure 4.3: The nuclear contribution, measured through Franck-Condon fac-
tor (left) and the electronic contribution, measured through HS-LS energy gap
(right), plotted against the measured relaxation rate for the four complexes.

4.3.3 Chemical origin of Trend in Relaxation Rate

In order to understand the microscopic origin of the trend observed in relaxation
rate, we first examine the trend in the nuclear and electronic contribution, by
plotting the Franck-Condon factor and the HS-LS energy gap, against the re-
laxation rate of the four complexes (cf Fig. 4.3). As found, the relaxation rate
shows an almost linear dependency on both the quantities. Examining Table 4.3,
we find that the dominant contribution in the trend of nuclear part is due to
Huang-Rhys factor, s, related to force constant and thereby on the stiffness of
the metal-ligand bond. Similarly, for the electronic component, the energy gap
values, are strongly dependent on the ligand field effect.

In order to characterize the trend in the nature of metal-ligand covalency,
which consequently affects the bond stiffness and the ligand field, we calculate
the crystal orbital Hamiltonian populations (COHPs). The crystal orbital Hamil-
tonian population, COHP, which is the density of states weighted by the corre-
sponding Hamiltonian matrix element, is a tool that permits energy-resolved
analysis of pairwise interactions between atoms. It is indicative of the strength
and nature of a bonding (negative COHP) or antibonding (positive COHP) in-
teraction. The integrated value of COHP (ICOHP) until Fermi energy provides
information of the net covalency between the metal and ligand. The inset of Fig.
4.4 shows the calculated COHP in a Fe-N bond for four different complexes.

The ICOHP obtained by integrating COHP until Fermi energy, set at zero in
the inset plot, plotted against the relaxation rate is shown in the main panel of
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Figure 4.4: The calculated values of modulus of ICOHP for four complexes,
plotted against the relaxation rate. The inset shows the Fe-N COHP for the four
complexes. The color convention followed; red (ptz), blue (pic), green (mepy-
tren) and black (bipy). For ease of visualization of COHP, the mepy and pic data
are shown as shaded area.
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Fig. 4.4. We find a clear correlation between the relaxation rate and ICOHP, the
measure of metal-ligand covalency.

[Fe(ptz)6]2+ [Fe(pic)3]2+ [Fe(mepy)3 [Fe
(tren)]2+ (bipy)3]2+

∆RHL (Å) 0.1916 0.1834 0.1770 0.1734
∆QHL (Å) 0.4693 0.4492 0.4336 0.4247

s 36.15 34.24 33.31 30.21
Fp 7× 10−15 3× 10−14 1× 10−13 9× 10−9

(T → 0)

Table 4.3: The HS-LS structural parameters, calculated Huang-Rhys factor, and
Franck-Condon factor for four complexes.

The observed increasing degree of the metal-ligand covalency occurs via the
possibility of back donation or delocalization of the electrons from the suitable
low-lying Fe(II)-centered molecular orbital to the empty low-lying ligand-centered
π∗ antibonding molecular orbitals. For instance, in the case of 1-propyltetrazole,
the excessive electron density in the tetrazole ring inhibits the possibility of back
donation, thus pushing the π∗ antibonding molecular orbitals towards higher
energy, thereby increasing the relative energies of the charge transfer and ligand-
field states towards UV and bluish-green region of the electromagnetic spectrum
respectively. In turn, it decreases the density of electronic states, the zero-point
energy difference (∆E0

HL), spin transition temperature (T1/2), and the correspond-
ing value of the tunneling rate constant kHL (T→0) in Fe(II)-1-propyltetrazole
complex to a large extent.[8] In comparison, the situation is better in the case
of 2-picolylamine due to the higher degree of stabilization of the ligand-centered
π∗ antibonding molecular orbitals, effectively resulting in the somewhat better
stabilization of the charge-transfer and ligand-field states and a slight increase
in the density of electronic states. However, in contrast to 1-propyltetrazole, the
relative magnitude of the ∆E0

HL and T1/2 is marginally smaller. Evidently, all
these factors collectively contribute to the increase in kHL (T→0) value observed
in Fe(II)-2-picolylamine complex.[8] In contrast, for Fe(II) complexes of tris 4-
[(6-methyl)-2- pyridyl]-3-aza- butenylamine and 2,2’-bipyridine, the large degree
of metal-ligand covalency favors the electronic stabilization of the charge-transfer
and ligand-field states towards the red region of the electromagnetic spectrum
strongly, thereby increasing the density of electronic states significantly, in par-
ticular for 2,2’-bipyridine. As a result, notably, it increases the T1/2 by increasing
the magnitude of ∆E0

HL and eventually becomes a pure low-spin compound with
the ligand 2,2’-bipyridine. The corresponding value of kHL (T→0) increases a
couple of orders of magnitude in Fe(II)-4-[(6-methyl)-2- pyridyl]-3-aza- buteny-
lamine complex[12] and by several orders of magnitude in Fe(II)- 2,2’-bipyridine
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complex.[9]

4.4 Conclusion

The work by Hauser et al.[7], determining the relaxation rates for several Fe(II)
coordination complexes, reported a large variation of 14 orders of magnitude,
depending of the choice of ligands. It is an intriguing issue to understand what
causes this large variation. However, a microscopic understanding of the system-
atics of this significant variation demands handling ligands of different sizes and
complexities, restricting the available theoretical tools. In a previous study,[53]
it was demonstrated by comparing the calculated rate constant of a model sys-
tem with a real system that TDDFT may provide a cheap, yet not an unrea-
sonable, approach to describe LIESST processes. In particular, for describing
LIESST in complex structures containing 100 to 200 atoms, TDDFT may be
a possible tool. Motivated by this finding, in this work we apply DFT scheme
to analyze the low temperature relaxation rates of four Fe(II) SCO complexes
with 1-propyltetrazole (ptz), 2-picolylamine (pic), tris4-[(6-methyl)-2-pyridyl]-3-
aza-butenylamine ((mepy)3tren), and 2,2’-bipyridine (bipy) ligands. By carefully
examining 21 different XC functionals of the GGA, meta-GGA, hybrid, range
separated hybrid, hybrid-meta GGA and double-hybrid types, a consistent de-
scription of ∆E0

HL of the four compounds is established by comparing with ex-
perimental estimates drawn from knowledge of T1/2 and ∆S0

HL. Following this,
the rate constants for for ptz and pic complexes are computed within the d-d
excitation-deexcitation scenario of Franck-Condon theory from the knowledge of
the potential energy curves of low-energy states, spin-orbit couplings at crossing
points of these PECs, and the force constant. We refrain from applying such an
approach to mepy and bipy complexes due to additional complexities involving
MLCT states. The calculated rate constants of ptz and pic complexes are found
to be in excellent agreement with measured values. It is noteworthy that the
measured relaxation rates from the four complexes vary over a range of nine or-
ders of magnitude with ∼ 4 × 10−5 for ptz to ∼ 104 for bipy. Both the HS-LS
energy gap and nuclear contribution of rate constant are found to contribute to
this trend being coupled to metal-ligand bond stiffness and the ligand field ef-
fect. The metal-ligand covalency, quantified through integrated value of crystal
orbital Hamiltonian population, reveals correspondence with the low tempera-
ture rate constant. This in turn establishes the progressive stabilization of the
charge-transfer and ligand-field states from 1-propyltetrazole to 2,2’-bipyridine
utilizing an increasing degree of covalency. Our study underlines the relationship
between the geometry of the ligands and the relaxation rate. The microscopic
understanding, thus provided, may be useful in rational designing of the ligands,
with desired LIESST properties.
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Chapter 5

Trend in cooperativity in
spin-crossover of metal-organic
polymers*

5.1 Introduction

Thermal hysteresis which confers memory effect in Spin Crossover (SCO) ma-
terials is a manifestation of cooperativity among active SCO sites within the
crystal lattice.[1] As discussed in chapters 3 and 4, the fundamental origin of
SCO is molecular, and the low spin (LS) to high spin (HS) conversion in an
SCO complex is accompanied by a drastic change in the metal-to-ligand aver-
age bond distance. When the intermolecular interactions in the lattice become
appreciable, the change in molecular size can be transmitted from one site to
another. This induces a cooperative effect leading to first-order phase transi-
tions and hysteresis effects may be observed.[2, 3] Consequently, magnetic, op-
tical, and structural properties change significantly enabling bistable character
in the compound, which could be useful for designing memory-based electronic
devices.[4, 5] To achieve cooperativity coordination polymeric compounds are
better choices compared to molecular crystals with isolated molecular units as
discussed in Chapter 1.

While undoubtedly cooperativity is an important attribute of SCO polymers
for practical applications, it is crucial to understand, control, and design the co-
operativity. Several theoretical studies have been reported in the literature to
provide a microscopic understanding in this regard. The most prevailing concept
was that cooperativity arises solely due to the long-range elastic interaction aris-
ing due to interaction between local lattice distortions at each molecular unit.[6]

*This chapter is based on ”Trend in cooperativity in spin-crossover of metal-organic poly-
mers” Shiladitya Karmakar, Pradip Chakraborty and Tanusri Saha-Dasgupta, (In prepara-
tion).
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The importance of magnetic superexchange interaction, mediated through the
organic ligands connecting the metal centers, has been pointed out in a density
functional theory (DFT) based study[7] which estimated the strength of magnetic
exchange interaction in a Fe-triazole compound, and found it to be of the same
order of magnitude as that of elastic exchange, estimated in similar compounds.
Banerjee et al first studied the interplay of the two possible driving mechanisms
of cooperativity, namely elasticity, and magnetism, employing Monte Carlo sim-
ulation in the context of a general model Hamiltonian.[8]

Over the past few decades, azole-based ligands connecting Fe(II)N6 chro-
mophores have drawn significant attention as bridging ligands in SCO polymeric
compounds.[1] In such compounds, a single N-donor ligand is involved in the syn-
thetic procedure which avoids the formation of mixed ligand species, hence high
yields are usually obtained. In addition, the choice of such relatively small het-
erocyclic ligands favors almost regular Oh symmetry around the low-spin Fe(II)
ion. Polymeric [Fe(4-R-1,2,4-triazole)3](anion)2 systems (R=amino, alkyl, hy-
droxyalkyl) are extensively studied as it provides desired SCO properties for de-
vice application i.e., pronounced thermochromism, transition temperatures near
room temperature, and large thermal hysteresis. This compound precipitates
as a fine, polymeric powder, and single crystals cannot be grown because the
polymer is insoluble in water and organic solvents.[1] Banerjee et al used a sim-
plified computer-designed crystal structure of the Fe-triazole compound in the
ab-initio Density functional theory (DFT) based study. Extracting the material-
specific inputs from DFT, and plugging in the model Hamiltonian, they explained
the microscopic origin of cooperativity discussing the equal importance of elas-
tic and magnetic exchange interaction.[8] Interest in tetrazole-based ligand fam-
ily arises since [Fe(btzp)3 ](ClO4)2 (btzp = 1,2-di(tetrazole-2-yl)propane) and
[Fe(btze)3](BF4)2 (btze = 1,2-di(tetrazole-2-yl)ethane) represent the first struc-
turally characterised Fe(II) linear chain compounds exhibiting spin crossover.
Both compounds crystallize in the trigonal space group P3̄c1, and this space
group remains unchanged upon the Fe(II) SCO. A gradual incomplete spin tran-
sition was observed with a thermal spin transition temperature (T1/2) of 148 K
and 140 K, respectively.[1]

Further investigations on coordination properties of 1,ω-di(tetrazole-2-yl) alka-
nes ligands revealed that bis-(tetrazole-2-yl)alkanes can form iron(II) complexes
containing a [Fe(tetrazole-2-yl)2(A)2]-type core (A: ligand connected to apical
position to Fe(II)). Particularly, 1,2-di(tetrazole-2-yl)ethane (ebtz)[9] and 1,6-
di(tetrazole-2-yl)hexane (hbtz)[10] as bridging ligands reacting with Fe(II) per-
chlorate give rise to 1D and 2D coordination networks, in which axial positions
are occupied by ethyl cyanide (C2H5CN) and acetonitrile (CH3CN) molecules re-
spectively. These tetrazole-based bridging ligands are differed by the number of
carbon atoms present in the alkyl linker between two tetrazole rings (two carbon
atoms in ebtz and six carbon atoms in hbtz ligands). Both [Fe(ebtz)2(C2H5CN)2
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](ClO4)2 and [Fe(hbtz)2(CH3CN)2 ](ClO4)2 show abrupt spin transition accom-
panied by hysteresis of width (∆T1/2) 29K and 2K respectively with T1/2 around
126K indicating that the cooperativity among Fe(II) centers must be different
for the polymers. Clearly, the presence of a direct linkage between SCO centers
is not a sufficient condition for the occurrence of the cooperative spin transition.
Intersite interactions can be greatly influenced by the size and flexibility of the
ligand structure or the elasticity of the whole coordination network which may
decide the degree of cooperativity in SCO materials.

In the present Chapter, we aim to understand how cooperativity among Fe(II)
centers builds upon increasing the length of the alkyl linkers that connects two
tetrazole rings. The HS and LS crystal structures for Fe-ebtz with two-C linker
connectivity and Fe-hbtz with six-C linker connectivity compounds are available.
To understand the systematic trend in cooperativity with varying linkers, one
needs to add to this list an intermediate-C linker connectivity tetrazole-based
Fe(II) compound. The available crystal structure for [Fe(pbtz)3](ClO4)2, (pbtz
= 1,3-di(tetrazol-2-yl)propane)[11] having three carbon atoms in the alkyl linker
forms a 3D coordination network in absence of the axially coordinated ligand,
making it different from the other two discussed compounds with [Fe(tetrazole-
2-yl)2(A)2] core. Moreover, it undergoes incomplete HS→LS transition with
shortening of the Fe-N bond lengths at 0.15Å whereas for complete SCO to
occur in the tetrazole-based complexes found to be ranging from 0.16 to 0.20
Å. Tetrazole-based ligands having five carbon atoms in the alkyl linker have
not been reported to the best of our knowledge. Hence to maintain the uni-
formity in the structural motif, we choose the experimentally reported triclinic
[Cu(bbtz)2(MeOH)2](ClO4)2 (bbtz=1,4-di(1,2,3,4-tetrazol-2-yl)butane) structure[12]
with similar core to that of other two compounds but four carbon atoms present
in the alkyl linker. We generate the corresponding Fe counterpart theoretically by
spin-polarized structural relaxation starting from the Cu compound and replacing
Cu with Fe. This provides us with the opportunity to study the systematic evo-
lution of cooperativity as one moves from two-C linker to four-C linker to six-C
linker connectivity ligand within the Fe(II) tetrazole family. To probe the evo-
lution in cooperativity, we estimate the Fe-Fe magnetic exchange interaction (J)
and spin-state dependent elastic interaction (Ev) for all three compounds from
ab-initio DFT calculation. Following this, the interplay of these two parameters
in associated hysteresis has been discussed in the light of the results of Monte
Carlo simulation obtained by Banerjee et al. [8]



5.2. Theoretical Models on Cooperativity: Background Study 128

5.2 Theoretical Models on Cooperativity: Back-

ground Study

Most of the theoretical studies on SCO in extended polymeric systems were based
on the prevailing idea that the interaction between different SCO centers stems
from phononic excitations due to coupling between local lattice distortions at
each molecular unit, setting up a long-range elastic wave. Two different model
Hamiltonian approaches were followed to deal with elastic interactions between
SCO centers to calculate thermodynamic quantities like HS fraction. HS fraction

is defined by the ratio
nHS
N

, where N is the total number of lattice sites and nHS is

the number of the sites in the HS state. The first category of approaches [13, 14]
considers Ising-like Hamiltonians describing the elastic interaction between spin
states, LS or HS, that interact via the nearest neighbor coupling.

The study by Boukheddaden et al.[13] considered a one-dimensional (1D)
spin-phonon model, which is expected to simulate the SCO behavior of linear
polymeric compounds. The model consisted of the assembly of a two-level system
with elastic interaction between them. The HS state, represented by pseudo-spin
σ = 1 was assumed to be nH fold degenerate, while the LS state represented by
σ = -1 was assumed to be nL fold degenerate. The elastic interaction linking
the sites i and i + 1 was denoted by ei,i+1. The volume of the molecule changes
upon the spin state transition, and hence the elastic interactions between two
successive SCO sites were assumed to depend on their spin states (Figure-5.1) in
the following manner, ei,i+1 = e−− for σi = σi+1 = -1, ei,i+1 = e++ for σi = σi+1

= +1, and ei,i+1 = e+− for σi = -σi+1. The constructed model was solved in the
framework of classical statistical mechanics using the transfer matrix technique.
The effective interaction turned out to be ferroelastic for e+− >

√
e+ +× e−−

and of antiferroelastic nature for e + − <
√
e+ +× e−−. These situations is

found to have a direct influence on the cooperativity. Ferroelastic interaction
favors cooperativity with sharp spin state transition while the antiferroelastic
interaction makes the transition gradual. This hinted at the fact that the first-
order phase transition along with hysteresis might take place in higher dimensions
in the presence of ferroelastic interaction. Following that interchain interaction
terms were introduced keeping mind in that the interchain steric and electro-
static interactions could arise due to the presence of non-coordinated molecules
or counter anions. The mean-field treatment of interchain interactions was found
to reproduce the desired first-order nature of HS→LS transition together with
hysteresis for ferroelastic intrachain interactions.

In the second category of calculations,[6] the free energy of SCO systems has
been calculated based on an anisotropic sphere model describing the volume and
shape changes of the lattice at the transition. The above-described approaches
completely disregard the importance of the long-range magnetic interaction that
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Figure 5.1: A schematic view of the three pseudo spin configurations of two
neighboring atoms in the chain. The elastic constant of the spring linking two
atoms depends on their spin states. e++, e−−, and e+− respectively, associated
with the HS-HS, HS-LS, and LS-LS states. The figure is adapted from [13]

may build up between transition metal centers via superexchange interaction me-
diated through the organic linkers connecting the metal centers. To address this
issue, the collective properties of SCO chains were investigated taking into account
both elastic interaction and Ising-like magnetic interaction, and the ground state
phase diagram was mapped out.[15] This calculation though ignored the spin-
phonon coupling, considering the elastic interactions to be spin-independent, and
thus were unable to distinguish between Ferro and antiferroelastic situations.

Banerjee et al.[8] have studied extensively the microscopic mechanism giving
rise to cooperativity in spin crossover considering both the effect of magnetic
super-exchange interaction and elastic interactions together with spin-phonon
coupling in a coupled 1D chain model. A model Hamiltonian was set up on the
basis of pseudo-spins, corresponding to the elastic part of the interaction, and the
actual spin quantum number, describing the magnetic superexchange interaction.
The system consisted of connected chains of spin-crossover ions, as shown in
Figure-5.2. The SCO ions in a chain were assumed to be connected by intrachain
elastic interactions that depend on their spin states given by Ev(σi,k, σi,k+1) =
ek,k+1

2
q2
i where qi being a small displacement. The spin dependence of ek,k+1 was

considered to be the same as in the model by Boukheddaden et al.[13] Magnetism
was accounted for by actual spin S, where mi,k = Si,k with mi,k = 0 for si,k = -1
(LS state) and mi,k = -2, ..., 2 for si,k = 1, corresponding to the HS state S = 2.
Thus the constructed model Hamiltonian was given by

H = −
∑
k

Ev(σi,k, σi,k+1)σi,kσi,k+1 + ∆
∑
i,k

σi,k

−
∑
i,k

[V⊥σi,kσi+1,k + V‖(σi,k + σi+1,k)]

+J
∑
k

mi,kmi,k+1

where ∆ denoted the difference in energy between the HS and the LS states,
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Figure 5.2: Schematic diagram showing the different site labels of the intercon-
nected chains and the various intra- and interchain interactions. The figure is
adapted from [8]

V⊥ and V‖ represented the interchain interactions arising out of electrostatic and
steric interactions, respectively, as discussed earlier. The interchain interactions,
though expected to be weaker compared to intrachain interactions, are crucial
for the description of cooperativity in SCO as a strict 1D system cannot support
phase transition. The third term of the Hamiltonian describes the magnetic
exchange, which involves Ising-like antiferromagnetic superexchange interaction J
acting between two Fe(II) ions with spin S = 2. The constructed Hamiltonian was
solved using a Monte Carlo simulation based on a standard Metropolis algorithm.

5.3 Study of Present Compounds

5.3.1 Ab-initio calculation details

Ab initio calculation is carried out within the framework of density functional
theory supplemented by Hubbard U (DFT + U) approach employing projector
augmented-wave pseudopotentials and Perdew-Burke-Ernzerhof generalized gra-
dient approximation (PBE-GGA)[16] as exchange-correlation functional as imple-
mented in the plane-wave based Vienna ab initio simulation package (VASP)[17].
The choice of U in our calculation is guided by the study done by Banerjee et
al.[8] where they took U = 4.0 eV and J = 0.8 eV for Fe-triazole compound and
The variation within 3≤U≤6 eV was found to keep the qualitative result the
same. The cutoff energy of the plane-wave basis is chosen to be 500 eV, suffi-
cient to achieve convergence in self-consistent field (SCF) calculations. HS and
LS structures of [Fe(bbtz)2(MeOH)2] (ClO4)2 compound are generated through
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structural optimization taking the spin of Fe(II) fixed, for HS: S=2 and LS: S=0.
Since LS structure is expected to have a more rigid lattice compared to HS, we
follow a two-step route for optimization i.e., optimization with respect to unit cell
volume is followed by that of ionic position. The relaxation of Fe-bbtz compound
and model structures for elastic exchange calculation is done using a convergence
threshold of 10−5 eV for the total energy and 0.01 eV/Å for maximum force/atom
employing Monkhorst-Pack mesh[18]. For magnetic and elastic exchange calcu-
lation, k-mesh of size 2×2×2, 4×4×2, and 2×2×2 (Fe-hbtz) have been used for
SCF calculation using respective supercell structures with increased energy con-
vergence threshold of 10−8 eV.

5.3.2 Crystal Structure details

In the following, we discuss the details of the crystal structure of the coordina-
tion polymeric compounds used in this Chapter for understanding the underly-
ing mechanism of cooperativity associated with corresponding spin transitions.
Table-5.1 summarize the crystal structure details of three compounds.

[Fe(ebtz)2(C2H5CN)2](ClO4)2

Fe(ebtz)2(C2H5CN)2](ClO4)2 compound[9] crystallizes in the monoclinic P21/n
space group which remains unchanged over temperature. The coordination en-
vironment of iron(II) consists of four tetrazole rings forming the basal plane of
the octahedron, and two axially coordinated propionitrile molecules (Figure-5.3).
As evident from Figure-5.4, two ebtz molecules connect Fe(II) ions, and such
linkage is propagated along a direction leading to the formation of a 1D network.
Polymeric units, gathered in the (010) plane, are tethered through C-H—N weak
intermolecular interactions into 2D supramolecular layers visible in the stacking
pattern. Consecutive supramolecular layers are separated by perchlorate anions
participating in the formation of numerous C-H—O intermolecular contacts.

At 250 K, the average bond length of the FeN6 octahedra is 2.171Å and the
corresponding N-Fe-N angles are 92.3o. After the temperature lowering from 250
to 110K the Fe-N distances and the average N-Fe-N angles remain the same.
Also after fast cooling (2K/min) from 110 to 100K Fe-N bond lengths retain HS
characteristics. At 80K, the average bond length of the FeN6 octahedra becomes
1.965 Å indicating the presence of the LS Fe(II) ions in the sample. Clearly,
HS→LS spin transition is accompanied by the shortening of the Fe-N(tetrazole)
bond lengths at 0.21 Å. Now increasing the temperature from 80 to 120K does
not affect the LS FeN6 octahedral geometry. The increase of temperature from
120 to 160K is accompanied by the LS→HS transition, and Fe-N bond lengths
become comparable to the ones found for HS geometry.
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Figure 5.3: Different networks formed by Fe(II) centres connected by tetrazole
based ligands shown for a. Fe-ebtz, b. Fe-bbtz and c. Fe-hbtz compounds.
(ClO4)− are ommited for clarity. The small green balls represent the C atoms
situated at the linker of tetrazole-based ligands. The black solid line represents
the unit cell for each compound. d-f. shows the stacking pattern of correspond-
ing compounds. Double-headed blue arrows in d. indicate the direction of the
1D network along a-direction. Blue lines in e-f. indicate the planes of the 2D
network. Red dashed double-headed arrows indicate the stacking arrangements
of different networks.
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[Fe(hbtz)2(CH3CN)2](ClO4)2

Fe(hbtz)2(CH3CN)2](ClO4)2 compound[10] crystallize in the P 1̄ space group and
do not undergo a crystallographic phase transition. Similar to the Fe-ebtz com-
pound, the coordination environment of Fe(II) consists of four tetrazole rings
forming the basal plane of the octahedron, and two axially coordinated acetoni-
trile molecules (Figure-5.3). The first coordination sphere consists of two crys-
tallographically inequivalent hbtz molecules that differ from each other in their
conformations. Both conformers bridge Fe(II) ions in different directions. a)
Alkyl spacer of hbtz molecules linking Fe(II) ions in the [11̄1] direction adopts
an extended zigzag conformation. The tetrazole rings are transoidal oriented, and
the distance between Fe(II) ions in the [11̄1] bridging direction equals 12.928Å.
b) In another hbtz molecule, transoidal oriented tetrazole rings are tethered by a
hexyl spacer adopting an S-shaped conformation. The S-shaped ligand molecule
links Fe(II) ions arranged in the [001] direction separating them at a distance of
11.736Å. As a result, cross-linking of the Fe(II) ions gathered in a common plane
leads to the formation of a 2D layer with a grid-like pattern.

At 293K, the average bond length of the FeN6 octahedra is 2.172 Å. The
geometry of the FeN6 chromophore shows the HS characteristic and remains un-
changed during cooling to 200K. Lowering of temperature below 150K involves
more abrupt alterations of the crystal structure parameters. At 125K, the Fe-
N distances manifest approximately equal amounts of HS and LS Fe(II) in the
sample. After cooling to 100K, the average bond length of the FeN6 octahe-
dra becomes 2.006 Å corresponding to LS characteristics. Here Fe-N(tetrazole)
bond length is shortened by 0.17 Å during HS→LS spin transition induced by
temperature lowering from 293 to 100K.

[Fe(bbtz)2(MeOH)2](ClO4)2

HS and LS structures of [Fe(bbtz)2(MeOH)2](ClO4)2 compound are computer
generated. Structural optimization causes the structure to acquire the lowest
symmetry P1. Here we assume that spin transition is not accompanied by crystal-
lographic phase transition. The unit cell volume for the HS structure (1493.3Å3)
turns out to be larger than the LS one (1478.8Å3) which validates our expecta-
tion that the LS structure must have a more rigid lattice compared to that of
HS. Similar to the other two compounds, the coordination environment of Fe(II)
consists of four tetrazole rings forming the basal plane of the octahedron, and
two axially coordinated methanol (MeOH) molecules (Figure-5.3). Basal planes
are formed by nitrogen atoms coming from tetrazole moieties and axial positions
are occupied by oxygen atoms from methanol molecules. The calculated average
bond length of the FeN4O2 octahedra is found to be 2.190 Å in HS and 2.001 Å
in LS state. Thus, Fe-N(tetrazole) bond length is expected to be shortened by
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Compound No.of C Fe-Fe Stacking
in alkyl connectivity pattern
Linkers

Two ebtz ligands Fe chains
connect Fe(II) tethered via

Fe-ebtz 2 ions forming C-H—N bonds
1D network in (010) plane
along [100] forming supra-

molecular layer
that stack along

[001]
Four bbtz ligands 2D network

connect Fe(II) stack along
Fe-bbtz 4 ions along [11̄1] perpendicular

and [11̄1̄] forming to (1̄1̄0) plane
2D network

in (1̄1̄0) plane
Four hbtz ligands 2D network

connect Fe(II) stack along
Fe-hbtz 6 ions along [11̄1] perpendicular

(zigzag conformation) to (1̄1̄0) plane
and [001] (S-shaped

conformation) forming
2D network

in (1̄1̄0) plane

Table 5.1: Comparison of the crystal structure of two-C linker connectivity Fe-
ebtz, four-C linker connectivity Fe-bbtz, and six-C linker connectivity Fe-hbtz
compound. Fe(II)-Fe(II) connectivity and stacking pattern present in the polymer
is discussed.

0.19Å when HS→LS spin transition will be realized. Unlike hbtz ligand, bbtz
molecules have the same conformations within the coordination sphere. Fe(II)
ions bridged by bbtz molecules propagate along [11̄1] and [11̄1̄] directions leading
to 2D polymeric network similar to Fe-hbtz compound.

5.3.3 Ab-initio derived parameters for cooperativity

As discussed above spin-state dependent elastic interaction (Ev) and magnetic
exchange interaction (J) are the crucial parameters in driving cooperativity. In
the following section, we calculate these material-specific parameters for three
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polymeric compounds.

Magnetic exchange interactions

To estimate magnetic exchange, we consider a spin-Hamiltonian H = JSiSi+1

where J denotes the exchange interaction between nearest neighbors Fe(II) spins
Si. Figure-5.4 shows the supercell of each compound used for J calculation mark-
ing the superexchange path between nearest neighbor Fe(II) ions.

For J calculation of Fe-ebtz compound, we extend the unit cell along chain
[100] direction to build a 2×1×1 supercell. Distance between two intrachain Fe(II)
distance is 8.388Å. Now we compute the total energies taking ferromagnetic and
antiferromagnetic spin orientations for two Fe(II) intrachain nearest neighbor
ions. They are given by EFM = 8J and EAFM = -8J. Now, EFM − EAFM for
Fe-ebtz compound, = 28.8 meV, and therefore J turns out 1.8 meV (20.9 K). Fe-
hbtz compound consists of one Fe(II) ion inside the unitcell. For J calculation,
we extend the unit cell in all three lattice vector directions to build a 2×2×2
supercell. Supercell is so chosen that all interactions along alkyl linkers can be
taken care of. Distance between Fe(II) ions along zigzag conformation linker is
12.928Å whereas along S-shaped conformation linker is 11.736Å. Taking four
Fe(II) nearest neighbor ions, total energy corresponding to ferromagnetic and
antiferromagnetic spin orientations is given by, EFM = 16J and EAFM = -16J.
Now, EFM−EAFM for Fe-hbtz compound, = 17.28 meV and therefore J turns out
0.54 meV (6.3K). For Fe-bbtz compound, calculation is done on the unitcell which
consists of two Fe(II) ions connected along both possible linker direction, one of
the ion being corner shared. The distance between Fe(II) ions is 11.605Å. Similar
to Fe-hbtz, EFM − EAFM for Fe-bbtz compound, = 24.32 meV and therefore
J turns out 0.76 meV (8.82K). Table-5.2 summarizes our results regarding the
magnetic exchange calculation. Positive values of magnetic exchange interaction
for all three polymeric compounds indicate that it is antiferromagnetic in nature.

Magnetic exchange for Fe-ebtz compound (20.9K) is found to be comparable
with that of Fe-triazole compound (18K) computed by Banerjee et al. We also
notice that the value of J decreases as the length of the alkyl linker increase in the
polymeric structure. This suggests that the magnetic superexchange interaction
mediated through the organic ligands will become weaker as the distance between
Fe(II) increases.

Spin dependent elastic interactions

We estimate the spin-state-dependent elastic interactions by taking the following
steps. For that three model structures for each polymeric compound are con-
structed having two regular FeN6 octahedrons inside unitcell with the following
spin configuration: a) HS-HS, b) LS-LS, and c) HS-LS. For HS-HS and LS-LS



5.3. Study of Present Compounds 136

Figure 5.4: Supercell of each compound used for J calculation is shown. Possible
superexchange paths between neighboring Fe(II) ions are also marked and C
atoms of the alkyl linker of corresponding compounds involving the path are
labeled.
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Compound No. of Superexchange E(FM-AFM) J
(Cell n.n. Fe-Fe path between (meV) (K)

dimension) (dFe−Fe (Å)) n.n. Fe-Fe
Fe-ebtz 2 1. trz-C4-C8-trz 28.80 20.90

(2×1×1) (8.39) 2. trz-C7-C3-trz (Anti-ferro)
1. trz-C10-C12-C14-

C16-trz
Fe-bbtz 4 2. trz-C18-C22-C20- 24.32 8.82

(1×1×1) (11.61) C24-trz (Anti-ferro)
3. trz-C17-C19-C21-

C23-trz
4. trz-C9-C11-C13-

C15-trz
1. trz-C80-C95-C119-

C102-C86-C89-trz
Fe-hbtz 4 2. trz-C70-C85-C101- 17.28 6.30

(2×2×2) (12.33) C112-C98-C79-trz (Anti-ferro)
3. trz-C16-C28-C48-

C35-C23-C3-trz
4. trz-C8-C20-C40-
C43-C31-C11-trz

Table 5.2: Calculation of magnetic exchange parameter (J) for three polymeric
compounds. Dimension of supercells, no. of Fe(II) nearest neighbor (n.n.) used
for J calculation is mentioned. Possible superexchange paths between n.n. Fe(II)s
for different polymeric networks, marked in figure-5.4, are also mentioned, where
”trz” denote the tetrazole ring attached to FeN6 octahedron.

model structure we use the supercell used for J calculation with HS and LS ge-
ometry respectively. To construct model HS-LS model structure, first, we took
the LS-LS model structure and replaced one of the LS FeN6 octahedrons with an
HS one. Then we adjust the unit cell volume equal to the average of the HS-HS
and LS-LS model structure. Finally, we carried out an ionic relaxation (selective
dynamics) freezing the coordinates of atoms involving FeN6 octahedra to obtain
the HS-LS structure.

To determine Ev, total energies (E) of all three model configurations of un-
deformed and deformed structures are computed varying the average Fe-N bond
length within the harmonic limit [-0.03, 0.03 Å]. Slope of ∆E vs ∆ <Fe-N> curve
for HS-HS, LS-LS and HS-LS configuration gives e++, e−− and e+− respectively.
(Figure-5.5) Now we calculate Ev using the following formula, Ev(σi,k, σi,k+1) =
0.5 ∗ ek,k+1 ∗ (qi)

2. Setting q=0.005Å, Ev for different polymeric compounds are
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listed in Table-5.3.

Compound model e Ev
√
e++ × e−−

(eV/Å2) (K) (eV/Å2)
Fe-ebtz HS-HS 439.73 64

LS-LS 517.58 75 477
HS-LS 459.30 66 (anti-ferroelastic)

Fe-bbtz HS-HS 290.45 41
LS-LS 305.08 44 298
HS-LS 292.34 42 (anti-ferroelastic)

Fe-hbtz HS-HS 234.43 33.6
LS-LS 246.08 36 240
HS-LS 237.44 34.8 (anti-ferroelastic)

Table 5.3: Spin-dependent elastic interaction of three polymeric compounds and
corresponding elastic interaction type

From Table-5.3, we find that e++ < e−− for all three polymeric compounds
confirming that the LS crystal lattice is more rigid than the HS one. Effective
elastic interaction decreases as the size of the alkyl linker increase in the polymeric
structure. This can be witnessed from the decrease in the slope of ∆E vs ∆ <Fe-
N> curve as we move from Fe-ebtz, Fe-bbtz, and Fe-hbtz compounds. Moreover,
spin-dependent elastic interaction (Ev) for all three polymeric compounds turns
out to be antiferro type in nature signaling the fact that associated cooperativity
in these compounds will be decided by the long-range magnetic interaction.

5.4 Discussion on Hysteresis

Spin transition in Fe-ebtz and Fe-hbtz compounds is confirmed by the temperature-
dependent magnetic susceptibility measurements carried out over the range of
5-300K.[9, 10] In the following we will first discuss the spin transition behavior
of Fe-ebtz and Fe-hbtz compounds.

a) For Fe-ebtz compound, Upon cooling (scan rate = 0.1 K/min), χMT re-
mains almost constant in the temperature range 300-117K. Further lowering of
temperature involves the abrupt drop in the T1/2 value with T ↓1/2 = 112 K. In the

temperature range from 116K to 108K 80% of the HS→LS transition occurs. At
103K SCO is practically nished, indicating complete HS→LS transition. After
reaching 5K, a measurement in the heating mode was performed. 80% of the
LS→HS transition (T ↑1/2 = 141 K) occurs in the range from 137K to 145K. This

opens up a hysteresis loop of width ∆T1/2 = 29K. Cooling at the rate of 1K/min
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Figure 5.5: The variation of total energy as a function of variation of Fe-N bond
length about the equilibrium value, for three different configurations: LS-LS (cir-
cles), LS-HS (squares), and HS-HS (diamonds) of a. Fe-ebtz, b. Fe-bbtz and c.
Fe-hbtz compound. Solid lines are fit to data points.
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Figure 5.6: Results of Monte Carlo simulation. High spin fraction plotted as a
function of increasing temperature (heating cycle) and decreasing temperature
(cooling cycle), for (a) ferroelastic intrachain coupling with magnetic coupling
set to zero, (b) ferroelastic intrachain coupling with finite, nonzero magnetic
coupling, (c) antiferroelastic intrachain coupling with magnetic coupling set to
zero, and (d) antiferroelastic intrachain coupling with finite, nonzero magnetic
coupling. The figure is adapted from [8]
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reveals a shift of T ↓1/2 ∼ 102K to lower temperature values whereas the course of
the χMT in the heating mode remained independent of the scan rate.

b) For Fe-hbtz compound, variation of χMT with temperature leads to the
following observations. χMT (χM : molar susceptibility, T: temperature) value at
300K shows HS characteristic of Fe(II) ion. In the temperature range of 300-200K
the χMT value slightly increases. Further lowering of the temperature involves a
gradual lowering of the χMT . In the range of 150-120K the χMT value decreases
more abruptly (T ↓1/2 = 128 K). Below 120 K the χMT decreases gradually reaching
75K which confirms the HS→LS transition. In the warming mode, the course of
the χMT (T) dependency is almost same as it was observed in the cooling cycle.

Fe-ebtz with two-C linker connectivity and Fe-hbtz with six-C linker connec-
tivity compound shows abrupt thermal spin transition accompanied by hysteresis
of width 29K and 2K respectively, indicating that the cooperativity among Fe(II)
ions is greatly affected upon increasing the length of the alkyl linker. To study
the systematic evolution, we follow the route proposed by Banerjee et al.[8] based
on the model Hamiltonian approach which involves the estimation of material-
specific parameters i.e., Fe-Fe magnetic exchange interaction (J) and spin-state
dependent elastic interaction (Ev) for all three SCO compounds, discussed in the
previous section. According to the study by Banerjee et al.[8], depending on the
nature of Ev i.e., spin-phonon coupling, the magnetic superexchange was found
to contribute to the development of cooperativity in a quantitative or qualitative
manner as summarized in Figure-5.6. In the case of ferroelastic interaction, the
superexchange interaction was found to enhance the hysteresis effect, set up by
the elastic interaction. This is evident from the top panel of Figure-5.6 (a, b). In
the case of the antiferro nature of elastic interaction, the magnetic exchange in-
teraction was found to play a decisive role in driving the hysteresis in the system,
putting the elastic coupling in a back seat. As is seen from the bottom panel of
Figure-5.6 (c, d), in the presence of Antiferroelastic interaction alone, the system
did not show any hysteresis. Only when the magnetic superexchange interaction
J was introduced, a hysteresis loop was observed in the HS fraction. It was thus
concluded that the magnetic superexchange interaction is of prime importance
in driving cooperativity in the system if the intrachain elastic interaction is of
antiferro type.

Our calculations show that the elastic exchange Ev for all the compounds is
of an anti-ferroelastic type. Given the fact that Ev is of antiferro origin, the hys-
teresis loop may open up in the spin transition curve only upon the introduction
of magnetic exchange J as evident from the bottom panel of Figure-5.6(c, d).
The width of the hysteresis loop is found to be ∼ 1K for the choice of J = 2K
as evident from Figure-5.6(d). Banerjee et al.[8] reported J = 18K for Fe-triazole
polymer which shows spin transition accompanied by hysteresis of width ∆T1/2

= 20K. Hysteresis width (∆T1/2) turned out to be the same order of magnitude
as that of the magnetic interaction J existing among the Fe(II) center of the
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polymers. With this knowledge, a correlation can be built between J and ∆T1/2

for our studied polymers. In our case, J turns out to be anti-ferromagnetic for
all compounds. J decreases as we move from Fe-ebtz (20.9K) to Fe-bbtz (8.82K)
and Fe-hbtz (6.30K) compound. The decrease of the J value with the increas-
ing length of the ligand confirms the experimental observation of a decrease in
∆T1/2 from Fe-ebtz (29K) to Fe-hbtz (2K) compound. Clearly, cooperativity
among Fe(II) center, dictated by the value of ∆T1/2, decreases as the length of
the bridging ligands increase. J value for Fe-bbtz compound lies intermediate be-
tween Fe-ebtz and Fe-hbtz compound suggesting the computed Fe-bbtz structure
must show spin transition accompanied by hysteresis of ∆T1/2 ∼ 9K which is yet
to be validated from the experiment.

5.5 Summary

Following the route proposed by Banerjee et al., [8], we aim to provide an un-
derstanding of the microscopic origin of cooperativity associated with the sev-
eral Fe tetrazole-based SCO polymers in this Chapter. The key question we
address here is that how the cooperativity among Fe(II) centers builds upon
while the size of the bridging ligands changes. To maintain the uniformity in the
structural motif, we choose three Fe(II)-tetrazole-based polymeric compounds
namely, a) [Fe(ebtz)2(C2H5CN)2](ClO4)2, b) [Fe(bbtz)2(MeOH)2](ClO4)2, and c)
[Fe(bbtz)2(MeOH)2](ClO4)2 in which bridging ligands are differed by the number
of carbon atoms present in the alkyl linkers joining two tetrazole rings lead-
ing to the formation of 1D and 2D coordination networks. HS and LS crystal
structure of a) and c) was available whereas b) is generated theoretically by spin-
polarized structural relaxation starting from the Cu compound and replacing Cu
with Fe. To probe the evolution in cooperativity, we estimate the Fe-Fe magnetic
exchange interaction (J) and spin-state dependent elastic interaction (Ev) for all
three compounds from ab-initio DFT calculation. Depending on the nature of Ev
i.e., spin-phonon coupling, the magnetic superexchange was found to contribute
to the development of cooperativity in a quantitative or qualitative manner.[8]
Our calculations show that the elastic exchange Ev for all the compounds is of an
anti-ferroelastic type. Given the fact that Ev is of antiferro origin, the hystere-
sis loop may open up in the spin transition curve only upon the introduction of
magnetic exchange J . The decrease of the J value with the increasing length of
the ligand confirms the experimental observation of a decrease in ∆T1/2 from Fe-
ebtz to Fe-hbtz compound. Hence, cooperativity among Fe(II) center decreases
as the length of the bridging ligands increase. Moreover, the J value for the yet-
to-be synthesized Fe-bbtz compound suggests that it must show spin transition
accompanied by hysteresis of ∆T1/2 ∼ 9K.
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Chapter 6

First-principles Prediction of
Enhanced Thermoelectric
Properties of Double Transition
Metal MXenes: Ti3−xMoxC2T2 (x
=0.5, 1, 1.5, 2, 2.5, T =
-OH/-O/-F)*

6.1 Introduction and Motivation

MXene, the family of transition-metal (TM) carbides, nitrides and carbonitrides
having general formula Mn+1XnTx (n = 1-3) have drawn the attention of scientific
community due to its unique electronic properties ranging from metallic to semi-
conducting, depending on the nature of M, X and T.[1, 2] MXene has been studied
as a high-temperature thermoelectric (TE) materials due to its excellent thermal
stability in air [3–5]. TE properties of MXenes with single TM have been studied
extensively using the Boltzmann transport theory and first-principles electronic
structure calculations. Khazaei et al.[6] predicted the electronic transport prop-
erties of more than 35 kinds of different functionalized MXene monolayers and
multilayers of the type M2CT and M2NT, M=Cr, Ti, Mo, Zr, and Hf etc and
T= O, F, OH. Gandi et al.[7] calculated the lattice thermal conductivity (κl)
of O passivated Ti-, Zr-, and Hf- based MXenes and found the highest figure of
merit for Ti2CO2 (ZTmax = 0.45). The study by Kumar et al.[8] predicted the
semiconducting Sc2CT2 (T = OH) MXenes with ZTmax value of 0.5 at T=900K.

*This chapter is based on publication : Shiladitya Karmakar and Tanusri Saha-
Dasgupta, Physical Review Materials, 4.12, 124007 (2020).
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The discovery[9] of ordered double transition metal 2D carbides in 2014 and
subsequent successful synthesis[10] of ordered double transition metal 2D MXenes
such as Mo2TiC2, Mo2Ti2C3, and Cr2TiC2 in 2015 provided further opportunity
on expanding on the possible list of MXene compounds with potential TE proper-
ties. Presence of two transition metals instead of a single one, as in conventional
MXene compounds, offer even better flexibility in tuning of properties. Kim et
al.[11] reported the measured electronic transport properties of Mo-based double
TM MXene (Mo2CTx, Mo2TiC2Tx, and Mo2Ti2C3Tx ; Tx : mixed termination
of O. F, OH group). Jing et al.[12] predicted the thermoelectric performance of
semiconducting Cr2TiC2 and Cr2TiC2T2 (T= F or OH) MXene and found large
Seebeck coefficients of ∼ 800, 700 and 600 µVK−1, respectively. Figure of merit
of p-type Cr2TiC2(OH)2 was predicted to reach as high as 3.0 at 600K.

Motivated by the above, in the present chapter we focus on Mo and Ti based
double transition metal MXenes, namely Ti3−xMoxC2T2 with T = -O/-F/-OH.
The Mo concentration is varied over a wide range with x = 0.5, 1, 1.5, 2, 2.5
in order to understand the systematic evolution of properties upon increasing
(decreasing) Mo (Ti) concentration. x = 1 and 2 of the series correspond to
stoichiometric compositions of Ti and Mo in 2:1 and 1:2 ratio, out of which x
= 2 is the experimentally synthesized Mo2TiC2T2 composition.[13] As described
in the chapter-1, MXenes with ordered double TM can exist in two different
forms,[14, 15] a) O-MXene: out-of-plane ordering of M

′
and M

′′
-rich layers. For

stoichiometric compounds, this results in layers containing M
′

or M
′′

TMs only,
as observed in Mo2TiC2, Mo2Ti2C3, Cr2TiC2.[10, 13], and b) I-MXene: in-plane
ordering of M

′
and M

′′
TMs, which is repeated in out-of-plane direction, such as

(Mo2/3Sc1/3)2C.[16].
In this chapter employing first-principles calculations, we study the relative

structural stability of O-MXene and I-MXene phases, which uncovers the role of
magnetism and passivation on the nature of chemical ordering exhibited by the
compounds. Following the understanding of the structure, electrical and mag-
netic properties of the five Ti-Mo based double transition metal carbide MXenes,
we thus investigate the lattice and electron transport properties of the compounds
exhibiting semiconducting properties. The thermoelectric properties are studied
based on Boltzmann theory under relaxation time approximation. The goodness
of the calculations is validated by computing the electronic transport coefficients
for TiMo2C2O2, TiMo2C2F2 and TiMo2C2(OH)2 as well as mixed passivated com-
pounds, and comparing with the experimental data of TiMo2C2Tx.[11]

6.2 Computational Details

The first-principles electronic structure calculations are performed within the
framework of density functional theory (DFT) using projector augmented wave
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(PAW) pseudo-potentials as implemented in the plane wave based Vienna Ab-
initio Simulation Package (VASP).[17] The exchange-correlation functional is cho-
sen to be that of the generalized gradient approximation (GGA) as implemented
in the Perdew-Burke-Ernzerhof (PBE-GGA) formalism.[18] The cut-off energy of
plane-wave basis is chosen to be 520 eV, which is found to be sufficient for achiev-
ing necessary convergence in self-consistent energy. To take into account the cor-
relation effects beyond GGA in d orbitals of TM atoms, simulations are performed
using a spin-dependent GGA with supplemented Hubbard U (GGA+U).[19] The
U values for the d orbitals of Ti and Mo atoms are set to 4 eV as used by Anasori
et al[14] for Mo2TiC2 and Mo2Ti2C3 MXenes, and a value also widely applied
for Ti and Mo oxides.[20, 21] For the semiconducting compounds, the obtained
band gaps have been further checked by repeating the calculations with HSE06
(Heyd-Scuseria-Ernzerhof) functional.[22] The HSE06 bandgap values are found
to be in good agreement with GGA+U values, differing at most by 0.02-0.03 eV,
justifying the goodness of our calculation scheme.

Alloy O-phase I-phase
outer layers middle layer outer layers middle layer

Ti0.5Mo2.5C2 36Mo 18Mo 30Mo 30Mo
+ 18 Ti + 6 Ti + 6Ti

TiMo2C2 36Mo 36Ti 24Mo 24Mo
+ 12 Ti + 12 Ti

Ti1.5Mo1.5C2 12Mo 30Mo 18Mo 18Mo
+ 24 Ti + 6Ti + 18Ti + 18Ti

Ti2MoC2 36Ti 36Mo 24Ti 24Ti
+12 Mo + 12 Mo

Ti2.5Mo0.5C2 36Ti 18Ti 30Ti 30Ti
+ 18 Mo + 6Mo + 6Mo

Table 6.1: Number of Mo and Ti atoms in TM layers of Ti3−xMoxC2 MXenes
within 6 × 6 × 1 supercell.

To create the studied MXene compounds, we first exfoliate Mo2TiC2 MX-
ene from its corresponding MAX phase Mo2TiAlC2 with hexagonal space group
P63/mmc. In order to consider Ti3−xMoxC2 2D alloy structures of varying com-
positions, x =0.5, 1, 1.5, 2, 2.5, 6×6×1 supercell of the optimized Mo2TiC2

structure is considered. To enable calculation of 2D structures within periodic
set-up, a vacuum space of ∼ 18Å is considered between the periodic images,
minimizing the artificial interaction between 2D images. Structural relaxation of
the constructed structures is achieved with respect to lattice constant and inter-
nal atomic coordinates using convergence threshold of 10−5 eV for total energy
and 10−3 eV/Å for maximum force/atom. For Brillouin zone sampling 10×10×2
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Figure 6.1: a. The Ti3−xMoxC2 MXenes in O- and I-phase, viewed along b
axis with c-axis oriented vertically. The probable hollow sites that may host the
passivating atoms are marked. b. The difference in formation energy of the I-
and O-phases plotted as a function of Mo concentration x, as obtained in non-
spin-polarized calculations. The inset shows the difference in bond energy (see
text) of the I- and O-phases plotted as a function of Mo concentration x. c. Same
as b. but results obtained in spin-polarized calculations.

Monkhorst-pack mesh[23] is employed. The experimentally synthesized Mo2TiC2

compound forms O-MXene structure with the Mo atoms sandwiching the mid-
dle Ti-C layer. Following this input, we consider two different possible ordered
structures of Ti3−xMoxC2, in O-MXene and I-MXene form. For the former, the
Mo(Ti)-rich outer layers sandwich Mo(Ti)-poor layers, while for the later, the
Mo and Ti atoms form an ordered layer, which repeat between outer and middle
layer. Fig.6.1a. shows the Ti3−xMoxC2 compounds in O-MXene and I-MXene
structures, upon varying concentration of Mo(Ti). The number of Mo and Ti
atoms in the outer and middle layers in O- and I-MXene structures are listed in
Table 6.1.

When F, OH, or O atoms are adsorbed on top of TM surface, they usually
move to hollow sites during the structural relaxation calculations. There are two
types of hollow sites on MXene surfaces (cf Fig.6.1a.): site-A - the sites having
no C atom available below them, and site-B - the sites having C atoms below
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them. In our optimized structures, -O, -F, OH groups are found to occupy site-
A, sitting above the TM atoms of middle layer. Anasori et al. predicted[13] the
same configuration for passivated Mo2TiAlC2 and Mo2Ti2AlC3. Stable structures
for each passivation (-O,-F,-OH) and each concentration is determined, using
convergence threshold of 10−5 eV for total energy and 10−3 eV/ for maximum
force/atom. To investigate the influence of magnetism, calculations are carried
out for non-magnetic (NM) as well as magnetic, ferromagnetic (FM) and five
antiferromagnetic (AFM) configurations.

Electronic transport properties, namely electron conductivity (σ/τ), Seebeck
coefficient (S), and electronic thermal conductivity (κe/τ) are determined within
the framework of Boltzmann theory under rigid band and constant relaxation
time (τ) approximation as implemented in BoltzTrap2 code.[24] Relaxation time
approximation is a widely used approximation in a number of studies to solve
the Boltzmann equation, which basically transforms the integro-differential qua-
tion to numerically simpler differential equation. The applicability of relaxation
time approxiation has been demonstrated in good comparison between calculated
mobility and experimental one in bulk semiconductors,[25–27] as well as in 2D
materials.[28] For MoS2, the comparison of Monte Carlo transport simulations
instead of the relaxation time was found to be provide very similar results, sup-
porting the use of the computationally much easier and more efficient relaxation
time approximation.[29] Based on the above, in the present case we have calcu-
lated the temperature and carrier-concentration dependent relaxation time using
calculated deformation potential and used it in solving the Boltzmann equation
for electronic transport. To determine the electron relaxation time we use the
model[30] as implemented in BoltzTrap code,[31] where

τ(E, T ) = τ0(
E − EV BM/CBM

kBT
)r−1/2(

T0

T
)l (6.1)

Here, EV BM/(CBM) is the valence band maximum (conduction band minimum)
for the p-type (n-type) conduction. τ0 is the reference lifetime, specified at some
reference temperature T0, kB is the Boltzmann constant. The reference lifetime
is calculated as

τ0 = (
π

√
mxmy

)(
~
2π

)(
~2

|〈f |H ′|i〉|2
) (6.2)

mx, my are the principle directional effective masses, 〈f |H ′|i〉 is the matrix
element of the perturbation Hamiltonian between the initial state |i〉 and the final
state |f〉. mx and my are determined by fitting band along Γ →M and M→K k
path respectively at valence band maximum for electrons and conduction band
minimum for holes. The matrix element is given by the deformation potential of
the material. The material and carrier-type dependent deformation potentials are
calculated by following the change of valence band maximum (conduction band
minimum) for the p-type (n-type) conduction as a function of applied strain.[32]
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The exponent of energy r and the exponent of the temperature dependence, l are
known as the scattering parameters. The scattering parameters are chosen to be

r =
3

2
and l = 0, typical values for the deformation potential scattering by alloys

of 2D material.[33]
Phonon calculations are carried out within the formulation of density func-

tional perturbation theory (DFPT) as implemented in VASP using a 2×2×1 su-
percell on a 8×8×2 k mesh of the Brillouin zone (BZ) of the hexagonal cell. The
dynamical matrices are computed using PHONOPY code[34] and the phonon
band structures, obtained by Fourier interpolation of the real-space force con-
stants, are plotted along the high-symmetry k points of the BZ. To estimate the
lattice thermal conductivity tensor(κl), one needs a) 2nd order harmonic inter-
atomic force constants (IFCs) and b) 3rd order anharmonic IFCs. 2nd order IFCs
are calculated from the phonon dispersion using PHONOPY code. To calculate
the 3rd-order IFCs we use thirdorder.py python script. First we generate different
configurations with displaced atoms taking up to 4th near neighbour interaction,
after checking the convergence in terms of number of near neighbours. The atomic
displacement cut off is set to 0.31, 0.29 and 0.33 nm for Mo2TiC2F2, Ti2MoC2F2

and Mo2TiC2(OH)2, respectively. Total number of configurations generated for
Mo2TiC2F2, Ti2MoC2F2 and Mo2TiC2(OH)2 are 960, 924 and 3492 respectively.
3rd order IFCs are evaluated using the same supercell size and k-mesh size as that
of 2nd order IFC calculation. Finally κl is determined by solving phonon Boltz-
mann transport equation as implemented in ShengBTE code[35] using 8×8×1 k
mesh. The convergence in terms of k mesh has been checked.

6.3 Results and Discussions

6.3.1 Formation energy and Stability analysis

To evaluate the stability of the alloyed structures, we first compute the formation
energy for the unpassivated compounds Ti3−xMoxC2 in ordered O- and I-phases
expressed as

Eform(Ti3−xMoxC2) = E(Ti3−xMoxC2)− (3− x)E(Ti)

−xE(Mo)− 2E(C)

where, E(Ti3−xMoxC2) is the total energy of the MXene. E(Mo), E(Ti), and
E(C) are the chemical potential of Mo, Ti and C atoms, respectively, determined
from the total energy of the corresponding solid state structures, HCP Ti, BCC
Mo and graphite. Formation energies are calculated for non-magnetic as well
as magnetic states, in order to explore the influence of magnetism on chemical
ordering.
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Figure 6.2: The FM and five different AFM spin arrangements in passivated
Ti3−xMoxC2 MXenes, with passivated atoms shown as small balls, and magnetic
TM atoms shown as large balls.

First of all, we find Eform is negative for all the structures indicating their
stability. Relative stability between the I-phase and O-phase for particular con-
centration x is expressed as,

∆Eform(x) = Eform(I −mxene)− Eform(O −mxene) (6.3)

Fig.6.1b. and Fig.6.1c. show the variation of ∆EF (x) with concentration of
Mo (x) for non-spin-polarized and spin-polarized calculations, respectively. We
notice that while in non-spin-polarized calculation, upon increasing Mo concen-
tration the relative stability shows change from O-MXene to I-MXene and again
to O-MXene, the I-MXene phase is always favored in spin-polarized calculation,
indicating a profound role of magnetism on chemical ordering. Magnetic state
is found to be energetically lowered compared to non-magnetic state for all the
concentrations, with magnetic moment of 1-2 µB on Mo atoms, 0.6-0.2 µB on Ti
atoms, and small moment on C atoms (< 0.1 µB) due to covalency.

In order to understand the trend in formation energy, we further calculated
the bond energy, expressed as the sum of energy of individual bonds,

Eb =
∑

nMo−MoεMo−Mo + nT i−T iεT i−T i

+ nT i−MoεT i−Mo + nMo−CεMo−C + nT i−CεT i−C

where εMo−Mo, εT i−T i, εMo−T i, εMo−C and εT i−Mo are energy of the Mo-Mo,
Ti-Ti, Mo-TI, Mo-C, Ti-C individual bonds, n’s being the corresponding number
of such bonds in a structure for a particular x value. εMo−Mo, εT i−T i, εMo−T i,
εMo−C and εT i−Mo show 165 -3 % increase in bond strength between the non-spin-
polarized to spin-polarized calculation, explaining the stability of magnetic state
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Figure 6.3: The energetic of different magnetic configurations of different spin ar-
rangements of passivated Ti3−xMoxC2 MXenes, together with non magnetic case.
The energies for O-MXenes and I-MXenes are shown with solid and open symbols,
respectively. The lowest energy magnetic configuration (AFM-1) is encircled.
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over the non-magnetic state. The largest increase (165 %) is observed for Mo-Mo
bond energy followed by Mo-Ti bond energy (92%), due to strong magnetism
of Mo atoms, and smallest decrease (3%) is found to for Ti-C bond energy. As
expected the number of Mo-Mo bonds increases monotonically upon increase of
Mo concentration, while the number of Ti-Ti bonds show a monotonic decrease
for both I-MXene and O-MXene phases. For both I- and O-MXene, the number
of Mo-Ti bonds show a non monotonic dependency with x, being maximum for
x = 1.5. The number of Mo(Ti)-C bonds show a monotonic increase(decrease)
with x for I-MXene, while that in O-MXene is found to be non-monotonic. This
makes the bond energy of I-MXene magnetic phase energetically stable compared
to magnetic O-MXene for all x, but the interplay makes stability of nonmagnetic
I-MXene over nonmagnetic O-MXene non-monotonic in x, as shown in insets of
Fig.6.1b. and Fig.6.1c..

The stability changes remarkably when passivated compounds Ti3−xMoxC2T2

(T = -O/-F/-OH), which is the situation in reality, are considered. Considering
several possible collinear magnetic structures, ferromagnetic and five different
antiferromagnetic structures (cf Fig.6.2), AFM-1: ferro along a and c and anti-
ferro along b, AFM-2: ferro along b and c and antiferro along a, AFM-3: antiferro
along b and c and ferro along a, AFM-4: antiferro along a and c and ferro along b,
AFM-5: antiferro along all directions, and the nonmagnetic structure, the relative
stability of O-MXene and I-MXene is computed for the passivated compounds.
The obtained results are summarized in Fig.6.3. The passivation is found to
favour O-MXene configuration for all x with stabilization of AFM-1 magnetic
state.

Among the studied compounds, Mo2TiC2Tx has been experimentally synthesized,[10]
and the stability of unpassivated Mo2TiC2 and Ti2MoC2 has been theoretically
studied[10] by considering the energetics of O-MXene phase with Mo/Ti only
outer layers, sandwiched between Ti/Mo only layers, with respect to different
mixed Ti-Mo layer configurations. This theoretical study[10] concluded that Mo
is strongly preferred in the outer layer for Mo2TiC2 and only marginally for
Ti2MoC2. This observation agrees with our result obtained on the basis of non-
magnetic calculations. Our results taking into account the effect of magnetism
by considering different possible magnetic structures, as well as passivation, how-
ever, provides a more complete understanding of the stability, which are found
to be significantly influence the nature of stability, as elaborated above.

To further ascertain the thermodynamic stability of the studied Ti3−xMoxC2

compounds, we calculated the convex hull. The results are shown in the following
section. It proves the thermal stability of the compounds of importance, Ti2MoC2

and TiMo2C2.
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Figure 6.4: Ternary composition-formation enthalpy phase diagram of the
TixMoyCz compounds. Each structure is colored by the distance from the convex
hull in eV/atom, see the color bar legend on the right.

Convex Hull

The construction of the ternary convex hull requires the knowledge of the stable
phases of pure elemental compounds at the corners and stable binary compounds
on the boundaries of the convex hull. Therefore, the following phases labeled
by space group symmetry were used,[36] HCP Ti, BCC Mo and graphite, Fm3̄m
TiC, Fd3̄m Ti2C, Im3̄m (Ti,Mo), P6̄m2 MoC. The resultant ternary composition-
formation enthalpy phase diagram of the TixMoyCz compounds is depicted in
Fig. 6.4, which shows the convex hull construction for the TixMoyCz ternary
compounds. Structures with lower (negative) formation enthalpy are closer to
the convex hull and therefore colored by more darker color.

6.3.2 Electronic structure

We find that all unpassivated structures of studied alloyed MXenes show metallic
behaviour (not shown), with hybridized C 2s and TM d states positioned around
12-10 eV below Fermi level (EF ), hybridized C 2p and TM d states situated from
7 to 3 eV below EF , and nonbonding TM d states around EF giving to finite
density of states (DOS) at EF . The electronegative termination -F, -OH, and -O
receives one and two electrons from the outer TM layers respectively and gives
rise to new bands below the Fermi energy, hybridized with the TM d states. This
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Figure 6.5: a. The density of states in O-passivated Ti3−xMoxC2 MXenes, pro-
jected to Ti d (red), Mo d (blue), C p (green) and O p (magenta) states. The zero
of the energy is fixed at Fermi energy (EF ). b. The corresponding band structure
plotted along the high symmetry points of the BZ, Γ-M(1/2,0,0)-K(2/3,1/3,0)-Γ.
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Figure 6.6: a. The density of states in F-passivated Ti3−xMoxC2 MXenes, pro-
jected to Ti d (red), Mo d (blue), C p (green) and F p (magenta) states. The zero
of the energy is fixed at Fermi energy (EF ). The band gaps for semiconducting
TiMo2C2F2 and Ti2MoC2F2 are marked. b. The corresponding band structure
plotted along the high symmetry points of the BZ, Γ-M(1/2,0,0)-K(2/3,1/3,0)-Γ.
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Figure 6.7: a. The density of states in OH-passivated Ti3−xMoxC2 MXenes,
projected to Ti d (red), Mo d (blue), C p (green) and OH (magenta) states. The
zero of the energy is fixed at Fermi energy (EF ). The band gap for semiconducting
TiMo2C2(OH)2 is marked. b. The corresponding band structure plotted along
the high symmetry points of the BZ, Γ-M(1/2,0,0)-K(2/3,1/3,0)-Γ.
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reduces the DOS at the Fermi surface and can open up a band gap resulting in
non-metallic MXenes, depending on the strength of covalency and ionicity of the
bonds between transition metal and the attached chemical groups. The computed
DOS projected to Mo d states, Ti d states, C p states, and T (T = -O/-F/-OH)
states along with band structures in AFM-1 magnetic structure in O-phase for all
x values are shown in Figs 6.5, 6.6 and 6.7, for T = -O, -F, and -OH, respectively.
The states close of EF are strongly contributed by transition metal d states as
found for unpassivated structures. The d levels of transition metal gets split by
the ligand field of the bonded carbon atoms and the passivating atoms, making
the passivated structures either metallic or semiconducting with small band gaps.

All O-passivated Ti3−xMoxC2O2 compounds are found to be metallic, though
low DOS values at EF are observed in all cases except for TiMo2C2O2. Band
gap engineering through straining may be explored for these low DOS value com-
pounds. Fluorination is found to be effective in opening band gaps in TiMo2C2F2

and Ti2MoC2F2 with band gap values 0.56 eV and 0.12 eV, respectively. Upon
passivation with OH, a small gap of 0.06 eV is found to open for TiMo2C2(OH)2

and a low DOS situation is achieved for Ti0.5Mo2.5C2(OH)2. The electronic struc-
ture thus show a strong dependency on the choice of passivating ions, and may
drive metal to semiconductor transition, a feature which is often seen in transition
metal-based compounds with octahedral or trigonal symmetries.[37, 38]

The band structures show non trivial changes upon change of x as well as
change of passivation. The magnetic moments on Mo, Ti, C and T atoms for
non-metallic MXenes are listed in Table 6.2. We find magnetic moments of both
Mo and Ti atoms show a strong variation with x values. Mo atoms are strongly
magnetic with a large moment of ≈ 2.4 µB for Mo-rich compounds and a reduced
moment of ≈ 1.8 µB for Mo-poor compounds, while Ti moments show a large
variation from essentially non magnetic in Mo-rich compounds to magnetic with
a moment of about 0.9 µB for Mo-poor compounds. The induced moments on C,
O and F atoms are tiny (0.04-0.01 µB) while that on H atoms are even smaller
(not listed).

6.3.3 Electrical transport coefficients

In the next step, we examine the electrical transport properties such as tem-
perature and carrier concentration dependent scaled electron conductivity (σ/τ),
Seebeck coefficient (S) and power factor (PF/τ) on the basis of Boltzmann theory
under relaxation time (τ) approximation taking first-principles band structure as
input. Electronic relaxation time is a constant in the calculation which needs to
be estimated. The temperature and carrier density-dependent relaxation time is
estimated using the model described by following.
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Atom TiMo2C2F2 TiMo2C2(OH)2 Ti2MoC2F2

Mo 2.44, 2.37 2.43, -2.41 1.77, -1.77
2.44, -2.37 2.43, 2.41 1.77, -1.77

Ti 0.00, 0.00 0.00, 0.00 0.92, -0.92,
0.88, -0.88

C -0.02, 0.04 -0.02, 0.03 0.02, -0.02,
0.03, -0.03

O / F 0.03, -0.01 0.03, -0.01 0.01, -0.01,
0.01, -0.01

Table 6.2: Magnetic moments in µB on Mo, Ti, C, T atoms for non-metallic
passivated Ti3−xMoxC2T2 MXenes.

τ(E, T ) = τ0(
E − EV BM/CBM

kBT
)r−1/2(

T0

T
)l (6.4)

The effective masses, deformation potentials and EV BM/ECBM employed in
the calculation for relaxation time are tabulated in Table 6.3 for representative
compounds. The computed relaxation time for T = 300 K and 800 K and carrier
concentration of 1019 cm−3 are also listed in Table 6.3. The relaxation times,
as presented in Fig.6.8 for representative compounds, show a strong dependency
on temperature as well as the value and nature (p-type or n-type) of carrier
concentration. The calculations reported in the following are carried out with
these computed relaxation times.

Among the studied compounds, only electrical transport properties of passi-
vated TiMo2C2 MXene has been measured which may serve as a reference.[11]
In that work[11] the temperature variation of electron conductivity, Seebeck co-
efficient and power factor were measured and n-type Seebeck coefficient was ob-
served. To compare with the experimental measurement, we compute the varia-
tion of these transport coefficients with temperature for TiMo2C2T2 with n-type
charge carrier. In absence of precise information of the nature of passivation in
the measured sample, we consider uniform passivation by -O, -F, -OH, as well
as mixed passivation of OOH and OF. The results are presented in Fig.6.9, and
the values at 800 K are listed in Table 6.4, in comparison to experimental val-
ues. The best agreement between computed and measured values is obtained for
TiMo2C2(OH)2, validating our methodology.

In the next step we compute the temperature-dependent electrical trans-
port properties of three semiconducting compounds, Ti2MoC2F2, TiMo2C2F2 and
TiMo2C2(OH)2 for both p-type and n-type dopants, with a carrier concentration
of 1019cm−3. The results are shown in Fig.6.10. Following the expression, ZT can
be maximized when the power factor is maximized and the thermal conductivity is
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Figure 6.8: a. The calculated electronic relaxation time shown for representa-
tive cases of Ti2MoC2F2, TiMo2C2F2 and TiMo2C2(OH)2 MXenes, plotted as a
function of carrier density for different temperatures. The n-doped and p-doped
carrier density 1019cm−3 are marked.
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Figure 6.9: Electrical transport properties of n-type passivated TiMo2C2, con-
sidering uniform passivation by O2, F2, (OH)2, as well as mixed passivation by
OF and OOH. Shown are results for temperature dependent conductivity (a.),
Seebeck coefficient (b.) and power factor (c.). The experimentally measured
power factor is shown for comparison.
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Figure 6.10: Electrical transport properties of -O or -F or -OH passivated semicon-
ducting Ti2MoC2 and TiMo2C2. Shown are the results for temperature-dependent
conductivity (a.), absolute value of Seebeck coefficient (b.) and power factor (c.).
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Direction electron hole EV BM

/τ (sec) eff. mass eff. mass /ECBM

TiMo2C2F2 Γ→M 2.817 1.106 0.127
M → K 1.524 2.715 0.267
Ed (eV) 6.90 0.56
τ (300K) 2.19×10−13 1.41×10−12

τ(800K) 3.29×10−14 6.43×10−14

TiMo2C2(OH)2 Γ→M 2.215 1.594 0.0118
M → K 1.438 2.047 0.0589
Ed (eV) 5.28 0.90
τ (300K) 1.58×10−13

τ (800K) 5.91×10−14

Ti2MoC2F2 Γ→M 2.680 1.814 0.0701
M → K 1.234 2.986 0.506
Ed (eV) 5.16 0.48
τ (300K) 8.06×10−14 1.37×10−12

τ (800K) 4.63×10−14 8.41×10−14

Table 6.3: Effective masses, relaxation times and deformation potential (Ed) of
non-metallic compounds at 1019cm−3 carrier concentration.

minimized. There exist different possible means to minimize the thermal conduc-
tivity by engineering enhanced phonon scatterings by the introduction of edges,
interfaces, grain boundaries etc.[39] However, maximizing S2σ is non-trivial. Both
S and σ are strongly coupled to the electronic structure of the system and may
behave inversely. Therefore a balance between the Seebeck coefficient and the
electrical conductivity at a particular p- or n-type carrier concentration is needed
to maximize the power factor.

As found from Fig.6.10a. variation of σ with temperature is more or less
similar between different compounds. The conductivity of p-type TiMo2C2F2 is
found to be lower than n-type counterpart, though the conductivity for p-type
Ti2MoC2F2 exceeds its n-type counterpart and attains maximum conductivity
among all. Among the n-type compounds, the conductivity of TiMo2C2(OH)2 is
found to be largest.

Seebeck coefficient is a measure of induced TE voltage in response to unit
temperature gradient across the material. S can be used to determine the type of
majority charge carrier of the material. Negative S value corresponds to electron
and positive corresponds to hole for a semiconductor. For n-type compounds, as
seen in Fig.6.10b., we find that the absolute value of S increases with temperature
in all the cases. Among the n-type doped compounds, S is found to be largest for
n-type Ti2MoC2F2, followed by n-type TiMo2C2F2, and n-type TiMo2C2(OH)2.
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This observation may be rationalized by the effect of band gap on enhancement of
S as explained in Ref.[40]. Large Seebeck coefficient of 300-400 µVK−1 is observed
for p-type compounds, though that of Ti2MoC2F2 also shows strong temperature
dependence, the temperature dependence being inverse to that observed for con-
ductivity (cf Fig.6.10a.).

We notice that for both n-type and p-type compounds PF value increases
with temperature. Maximum power factor is observed for p-type Ti2MoC2F2

mxene, being about two order of magnitude larger compared to that of p-type
TiMo2C2F2. As mentioned above, for p-type Ti2MoC2F2, the Seebeck coefficient
show a decrease with temperature, which gets delicately balanced by the cor-
responding in conductivity, thereby maximizing the power factor. For n-type
Ti2MoC2F2 also, the power factor is found to be two order of magnitude larger
than that of TiMo2C2F2. These strongly suggest effectiveness of Ti2MoC2 as a
promising thermoelectric material over synthesized TiMo2C2 MXene.

σ (S cm−1) S (µVK−1) PF (µWcm−1K−2)
TiMo2C2O2 11000 -24 4.80
TiMo2C2F2 2200 -60 7.85

TiMo2C2(OH)2 5800 -28 4.24
TiMo2C2OOH 1840 -33 2.08
TiMo2C2OF 3021 -13.3 0.53

TiMo2C2Tx (expt) 1380 -47 3.09

Table 6.4: Comparison of electrical transport coefficients of n-type doped, passi-
vated TiMo2C2 at 800 K.

6.3.4 Dynamical stability

Fig.6.11 shows the phonon dispersion plotted along the high-symmetry points of
the hexagonal brillouin zone for non metallic O-MXenes in AFM-1 configuration.
We notice that phonon frequencies are real and positive indicating dynamical
stability of the structures. Three lowest-energy phonon modes are the acoustic
modes corresponding to long-wavelength vibrations, classified as ZA, TA and LA
respectively and rest are optical modes (O). ZA mode, also known as flexural
mode, governs the out-of-plane transverse vibration and shows the quadratic dis-
persion close to Γ point under zero strain condition, which is a characteristic
feature of 2D materials. Other two acoustic branches TA and LA govern the
in-plane transverse and longitudinal vibration respectively and show linear be-
haviour near Γ point. Unlike Ti2MoC2F2, no frequency gap is observed between
LA and optical modes for TiMo2C2F2, TiMo2C2(OH)2, leading to finite hybridiza-
tion between LA and optical modes. From partial phonon DOS, we notice that
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Figure 6.11: The phonon dispersion (left) and phonon density of states (right)
shown for TiMo2C2F2 (a.), TiMo2C2(OH)2 (b.) and Ti2MoC2F2 (c.). In phonon
dispersion, the branches corresponding to acoustic branches, namely LA, TA and
ZA are marked.
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Figure 6.12: The temperature dependent electronic and lattice thermal conduc-
tivity.

around acoustic frequency region phonon density exists only for TM ion and den-
sity of states for acoustic modes is greater in Ti2MoC2F2 mxene compared to the
other two.

Knowledge of phonon dispersion also allows us to incorporate the entropy
effect[13] in the stability analysis. Following this, we estimate the free energy dif-
ference between I-Phase and O-Phase, which confirms the stability of O-phases
over I-phases for passivated compounds in AFM-1 magnetic phase at finite tem-
perature. The stability of the O-phase over I-phase is found to increase with
increase of temperature. In particular, the O-phase for Ti2MoC2F2 is found to
be stable over I-Phase by 9 meV/f.u. at 300K and 20 meV/f.u at 800K. For
TiMo2C2F2, the corresponding stability of O-phase over I-phase is found to be
16 meV/f.u. at 300 K and 45 meV/f.u. at 800 K.

6.3.5 Lattice transport coefficient: Lattice thermal con-
ductivity

Phonon dispersion plays a vital role in investigation of the lattice thermal con-
ductivity. Our calculation has been carried out considering intrinsic scattering
events that involved three phonons. The Taylor series expansion of the potential
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Figure 6.13: Normalized lattice thermal conductivities as a function of tempera-
ture for different phonon branches.
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energy in terms of displacement is infinite, so scattering events involving more
then three phonons are possible. The importance of four-phonon scattering has
been discussed.[41, 42] As with three-phonon processes, the four phonons must
satisfy constraints related to their wave vectors and energies. Calculation of the
scattering rate requires the fourth-order (i.e., quartic) force constants. The BTE
can be solved under the relaxation time approximation. The main challenge asso-
ciated with including four-phonon scattering events is their sheer number. While
there have been reports of calculation of thermal conductivity including four
phonon scattering[43] they are primarily based on model potential like Tersoff
potential, which is quite outside the scope of present work.

The calculated electronic and lattice thermal conductivities for non-metallic
O-mxene as a function of temperature are shown in Fig.6.12. For all cases, we
notice that electronic thermal conductivity is almost an order larger compared to
lattice thermal conductivity. This indicates that the heat is mainly transported
through charge carrier. A similar trend has been observed for Cr2TiC2(OH)2.[12]
κe for TiMo2C2(OH)2 is found to be quite smaller compared to that of Ti2MoC2F2

and TiMo2C2F2. Highest thermal conductivity is observed for Ti2MoC2F2 fol-
lowed by TiMo2C2X2 (X= OH and F). At 800K, κl of TiMo2C2F2 and TiMo2C2

(OH)2 are found to be 0.20 and 0.15 Wm−1K−1, respectively while that of Ti2MoC2

F2 is found to be 0.30 Wm−1K−1, as compared to ∼ 6.5 Wm−1K−1 reported for
Cr2TiC2(OH)2.[12]

To study the contribution of acoustic and optical phonon modes to κl sepa-
rately, we compute mode decomposed κl (normalized by the total κl) as a function
of temperature, shown in Fig.6.13. The lattice thermal conductivity in the func-
tionalized MXenes is found to be predominated contributed by the optical phonon
modes, except for Ti2MoC2F2. The contribution from optical modes to the to-
tal value is found to increase with temperature whereas that of acoustic modes
(ZA+LA+TA) is found to be remain more or less constant throughout the tem-
perature range, with the exception of Ti2MoC2F2. For F passivated TiMo2C2

mxene, total weight of optical mode is 65% whereas for OH passivation it is
slightly greater than 50% at T = 800K. Among the acoustic modes, ZA and TA
contributes equally but less than LA mode (∼20%) for OH passivation, whereas
for F passivation, contribution of TA mode (∼25%) is greater than the ZA and
LA mode. Distinctly, for F passivated Ti2MoC2 mxene, weight of optical mode
and LA mode are 40% and 32% respectively indicating simultaneous contribution
of acoustic and optical mode to κl.

We note that the thermal conductivity for different materials , which differ
in termination and/or composition of (Ti,Mo) are different and deviates from
more commonly observed 1/T behavior.[44] The large deviation from the 1/T
law appears to stem from the optic phonon branch, whose contribution to to-
tal thermal conductivity increases with the temperature increase and eventually
dominates the phonon transport by overwhelming the acoustic phonon branches.
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Figure 6.14: Calculated (a) volumetric specific heat, (b) group velocity, and (c)
scattering rate of Ti2MoC2F2, TiMo2C2F2 and TiMo2C2(OH)2.

Such surface termination dependent, thermal conductivity with varying nature of
temperature dependence has been observed in Ti3C2Tz MXenes,[45] as well as in
Cr2TiC2T2 (T = -OH or -F).[12] The material variation has been argued to stem
from interplay of varying degree of specific heat, group velocity and scattering
rate.

To better understand how different composition and surface termination result
in such a large variation in the thermal conductivity of Ti3−xMoxC2T2 MXenes,
we calculated three effective parameters that predominantly contribute to the
thermal conductivity, namely specific heat, group velocity, and scattering rate of
phonon modes. The results are shown in the following section.

Specific heat, Group Velocity and Scattering Rate

To provide microscopic understanding of the differential lattice thermal conduc-
tivity of the three compounds, Ti2MoC2F2, TiMo2C2F2 and TiMo2C2(OH)2, three
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Figure 6.15: Thermoelectric figure of merit (ZT) and TE conversion efficiency for
passivated Ti2MoC2T2 and TiMo2C2T2 (T = -F, -O and -OH): a. ZT between
300 and 800 K and b. TE conversion efficiency in the same temperature range.

deciding parameters, volumetric specific heat, group velocity, and phonon scatter-
ing rate were calculated. The results are summarized in Fig. 6.14. The calculated
volumetric specific heat of all three compounds within the temperature range of
300-600 K, show that while specific heat of Ti2MoC2F2 and Mo2TiC2F2 are com-
parable, it is appreciably larger compared to that of TiMo2C2(OH)2. The group
velocity of phonons, which is the spatial derivative of frequency with respect
to wavevector, indicate that the average group velocity is largest for Ti2MoC2F2.
Furthermore, we obtained three-phonon scattering rates of q-points for three com-
pounds. The scattering rate is found to highest for TiMo2C2F2. Thus, based on
our results, since the specific heat of Ti2MoC2F2 and TiMo2C2F2 are in the same
range, lower conductivity of TiMo2C2F2 compared to Ti2MoC2F2 is attributed
to its lower average group velocity of phonons and higher scattering rates com-
pared to Ti2MoC2F2. On the other hand, the higher thermal conductivity of
Ti2MoC2F2 compared to TiMo2C2(OH)2 may be attributed to its higher specific
heat and dominant contributions of both optic and acoustic modes in Ti2MoC2F2.

6.3.6 Figure of merit and TE efficiency

Temperature dependence of two thermoelectric figure of merit, namely ZT and
efficiency are shown in Fig.6.15. We notice that among the three compounds,
Ti2MoC2F2 has the highest ZT followed by TiMo2C2(OH)2 and TiMo2C2F2. In
particular, for p-type Ti2MoC2F2 at carrier concentration of 1019cm−3, ZT re-
mains above 2, for temperatures above 400 K. The ZT value of p-type Ti2MoC2F2

is found to be 1.5 at T = 300 K and reaches a ZT value of 3.1 at T= 800 K.
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The superior performance of Ti2MoC2F2 stems from higher power factor com-
pared to TiMo2C2 compounds, which supersedes the higher thermal conductivity
of Ti2MoC2F2 compared to TiMo2C2 compounds. The ZT values of some of the
compounds in this study, in comparison of those of single TM and double TM
MXenes are listed in Table 6.5.

Compound (T ) charge carrier ZTmax Ref.
Sc2C2O2 (900K) p-type 0.35 Ref.[8]
Sc2C2F2 (900K) n-type 0.45 Ref.[8]

Sc2C2(OH)2 (900K) p-type 0.5 Ref.[8]
Cr2TiC2 (600K) n-type 0.75 Ref.[12]

Cr2TiC2F2 (600K) p-type 1.5 Ref.[12]
Cr2TiC2(OH)2 (600K) p-type 3.0 Ref.[12]

TiMo2C2F2 (800K) n-type 0.20 present work
TiMo2C2F2 (800K) p-type 1.28 present work

TiMo2C2(OH)2 (800K) n-type 0.62 present work
Ti2MoC2F2 (800K) n-type 1.20 present work
Ti2MoC2F2 (800K) p-type 3.14 present work

Table 6.5: ZTmax for different MXene compounds at different temperatures.

Finally, TE performance of MXenes can be evaluated by computing their TE
conversion efficiencies, related to Carnot efficiency and ZT value as follows

η =
Th − Tc
Th

√
1 + ZT − 1√

1 + ZT + Tc/Th
(6.5)

where Th and Tc are the hot and cold end of the TE devices, respectively and

Carnot efficiency is given by
Th − Tc
Th

. We take Tc = 300 K and Th to range

from 300 to 800 K. Temperature dependence of TE efficiency of non-metallic
O-MXenes are shown in Fig.6.15b.. We notice that, maximum efficiency for p-
type Ti2MoC2F2 is ∼27%, stressing on possible applicability of this material as
efficient thermoelectric.

6.4 Conclusion

Motivated by the experimental synthesis of ordered double transition metal MX-
ene compounds, we study the magnetic, electronic structure and transport prop-
erties of Ti-Mo based compounds employing first-principles density functional
theory and Boltzmann transport formalism. For this purpose, we consider five
ordered alloyed structures Ti3−xMoxC2 with x = 0.5, 1, 1.5, 2, 2.5 in two possible
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ordered forms, I-MXene and O-MXene. First we take the unpassivated struc-
tures and study the relative stability between I- and O-phases. This uncovers the
role of magnetism on chemical ordering. To capture the realistic situation, we
next consider the Ti-Mo MXenes, passivated by -O or -F or -OH, which is found
to stabilize the O-phases. Passivated Ti-Mo MXenes show an antiferromagnetic
AFM-1 ground state with ferro ordering of TM’s along a-axis, antiferro ordering
of TM’s along b-axis and ferro ordering of TM’s along c-axis. Among all the
studied MXenes, Ti2MoC2F2, TiMo2C2F2, and TiMo2C2(OH)2 are found to be
semiconducting, opening up the possible use of these compounds as thermoelectric
materials. In order to validate our scheme of transport calculation, we first inves-
tigate the electrical transport properties of passivated n-type TiMo2C2, for which
experimental results are available.[11] Since the precise nature of passivation in
experimental study is not known, we consider uniform as well as mixed passiva-
tion by -O or -F or -OH. The calculated results are found to show good agreement
with experimental data for choice of passivation with O and OH. Calculated elec-
trical transport properties on systems on interest, Ti2MoC2F2, TiMo2C2F2, and
TiMo2C2(OH)2, show superior electrical transport properties of Ti2MoC2 com-
pared to TiMo2C2 with a power-factor of 104 µWcm−1K−2 at 300 K for a p-type
carrier density of 1019cm−3. This leads to an exceptional thermoelectric figure of
merit of ZT of 1.5 at 300 K and 3.1 at 800 K, the latter with a 27 % efficiency,
thereby reaching the close to the desired target.

Our theoretical prediction should motivate study of passivated Ti2MoC2 com-
pounds, exploring their usage as potential thermoelectric materials. While TiMo2

C2 Mxene has been experimentally synthesized[10], to the best of our knowledge,
the 2:1 composition of the double transition metal Ti-Mo series, Ti2MoC2 has not
yet been synthesized. Our computational exercise shows that Ti2MoC2 is both
thermodynamically and dynamically stable. Further more passivated Ti2MoC2

with two Ti-C layers sandwiching the middle Mo-C layer, the so-called O-phase,
should be thermodynamically and dynamically stable over the in-plane ordered
phase, and should remain stable in O-phase even at high temperature. This
should encourage synthesize of Ti2MoC2 Mxene, the sister compound of synthe-
sized double transition metal Mxene, TiMo2C2.

Several stragegies may be followed for p-type doping of Ti2MoC2 Mxene, as
followed for monolayer and few layer transition metal dichalcogenides (TMDCs)
which include substitutional doping during growth,[46] back gate or top liquid
gate[47], gas molecule adsorption[48] etc. Creation of vertical heterostructures
between Mxene and TMDCs have been established as an effective means for p-
type doping.[49]
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Chapter 7

High-performance
Thermoelectric Properties of
Strained Two-Dimensional
Tellurium*

7.1 Introduction and Motivation

In Chapter 6, we discuss the thermoelectric properties of Mo-Ti based dou-
ble transition metal MXene compound with complex alloyed structure showing
promising figure of merit for practical application. In the present chapter, we will
consider elemental two-dimensional (2D) materials in monolayer form that are at-
tractive due to their simplicity and indigenous properties. After the isolation of
graphene from graphite in 2004, there are several such materials are experimen-
tally synthesized and predicted computationally. Here we will focus on recently
discovered elemental 2D material composed of group-VI element Tellurium (Te),
known as Tellurene. The room temperature lattice thermal conductivity of 2D
Te was reported to be the lowest among existing 2D materials, e.g. 2.16 and
4.08 Wm−1K−1 along arm-chair and zigzag directions of 2D crystal structure of
Te [1] compared to 3080-5150 Wm−1K−1 for graphene [2] or 101.43 Wm−1K−1

and 110.30 Wm−1K−1 along arm-chair and zigzag-direction of MoS2.[3] Such low
thermal conductivity is attractive from perspective of thermoelectric (TE) ap-
plications. Furthermore, 2D nanoflake of Te was reported to possess excellent
environmental stability [4–6] compared to other existing 2D materials. Following
this, calculations were carried out and 2D Te, or tellurene was found to reach a
room temperature ZT value of 0.79 by p-type doping with the dopant concentra-

*This chapter is based on publication : Shiladitya Karmakar and Tanusri Saha-
Dasgupta, Physical Review Materials, 5.12, 124006 (2021).
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tion of 1013cm−2 in square-Te [7], while that in β structure it was found to show a
much better performance, especially at high temperature.[8] It will be thus worth
to explore how the thermoelectric performance of 2D Te can be further improved.

With the development of 2D materials, 2D van der Waals heterojunctions
formed by putting one 2D material on another 2D material have been an active
field of research to explore improved functionalities and potential applications.
Although the van der Waals interlayer coupling in 2D van der Waals heterojunc-
tions is weak, creation of van der Waals heterostructures may introduce com-
pressive or tensile strain, thus modifying the properties of the 2D materials. In
particular, strain engineering has been proved to be a effective tool to enhance
ZT of layered 2D materials.[9, 10] In this chapter, we attempt to do so by con-
sidering the strained structures of 2D Te. As shown in Fig 7.1, the calculated
minimized strain arising due to lattice mismatch between 2D Te and other pos-
sible 2D materials like graphene, MoS2, MoSe2, WS2, WSe2 varies within about
-1.5% to about 1.2%. We have thus considered 2D Te under 0.5%-1% tensile
strain and 1.5-2% compressive strain. Our calculation show that under tensile
strain, the unstrained, centrosymmetric β-phase of 2D Te spontaneously trans-
form to non-centrosymmetric α′ phase with helical chain like structure at tensile
strain equal to or exceeding 0.5%, while structural symmetry remains unaltered
under compressive strain.

Considering realistic estimates of strain that may be imposed to monolayer
Te through van der Waals heterostructing with other known 2D materials, we
demonstrate that the structural, electrical, and thermal transport properties can
get strongly influenced by strain. Importantly, through strain engineering, the
thermoelectric performance of elemental 2D Te in p-type doping can be made
comparable to that of the known binary or ternary layered compound at room
temperature, and can outperform the known binary or ternary layered compounds
at high to moderate temperature. Our study provides a way to tune the ther-
moelectric properties of 2D Te for future applications. Having said that there
are several points of caution in this suggestion. It should be emphasized that
unless the ML of tellurene can be used selectively in TE measurement, the TE
properties of the bottom layer will also contribute. Depending on the device ge-
ometry, the bottom layer may also undergo some amount of strain. Also other
than geometrical effect namely strain, there can be chemical effects like charge
transfer between component MLs which may influence the transport properties
and thereby the TE properties of the heterojunctions. Our predictions thus need
to be validted in experimental setups.
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Figure 7.1: The variation of three Te-Te bond lengths of monolayer Te, marked
by red, blue and green colored closed circle, as a function of compressive and
tensile biaxial strain, measured by δ. The strain imposed in heterojunctions with
known 2D materials, like MoSe2, MoS2, WS2, WSe2, graphene are marked by
dashed lines.
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7.2 Computational details

Ab-initio electronic structure calculations are carried out within the framework
of density functional theory (DFT) using projector augmented-wave pseudopo-
tentials and Perdew-Burke-Ernzerhof generalized gradient approximation (PBE-
GGA) [11] as exchange correlation functional as implemented in the plane-wave
based Vienna ab initio simulation package (VASP).[12] The cutoff energy of the
plane-wave basis is chosen to be 520 eV which is found to be sufficient to achieve
convergence in self-consistent field (SCF) calculations. In order to minimize ar-
tificial interaction between a monolayer and its images along the out-of-plane
direction within the periodic set-up of calculation, a vacuum space of ∼ 22Å is
used. To find the optimum k-mesh for brillouin zone sampling, we perform con-
vergence test for k-mesh with each monolayer phases of tellurene. Relaxation of
tellurene structures is done with respect to internal atomic coordinates and unit
cell volume using a convergence threshold of 10−5 eV for total energy and 10−3

eV/Å for maximum force/atom employing 14×14×1 Monkhorst-Pack mesh.[13]
Converged k-mesh of 20×14×1 is used for SCF calculation with increased energy
convergence threshold of 10−7 eV. In this work, which involves group-VIA ele-
ment tellurium, we consider spin-orbit coupling (SOC) effects to compute band
structures and subsequent thermoelectric calculations.

Electron transport properties along two orthogonal principle axis in the mono-
layer, along the zig-zag x and arm-chair y-directions are determined by solving
semi empirical electron Boltzmann transport equations (BTEs) applied to the
DFT derived band electrons under rigid band and constant relaxation time ap-
proximation (CRTA) as implemented in the BoltzTrap2 code.[14] Phonon proper-
ties are studied within the formulation of density functional perturbation theory
(DFPT) as implemented in VASP. First we examine supercell and k-mesh con-
vergence in order to validate our subsequent calculations. We find that supercell
of size 4×4×1 and k-mesh of size 4×4×1 for all structures are sufficient to avoid
soft phonon modes. The second order harmonic force constants and dynamical
matrices are computed and the phonon band structures as obtained by Fourier
interpolation of the real-space force constants using PHONOPY [15] code, are
plotted along the high-symmetry k points of the BZ. To estimate lattice thermal
conductivity (κl), we require second order harmonic interatomic force constants
(IFCs) and third order anharmonic IFCs. Harmonic IFCs can be obtained from
phonon dispersion as mentioned earlier. To calculate third order anharmonic
IFCs, we generate different configurations having displaced atoms using finite
difference method as implemented in thirdorder.py python script. [16] The num-
ber of configurations generated is decided by the following: number of nearest
neighbour interactions, symmetry of the system, size of the supercell mesh, and
size of the unit cell. Supercell of size 4×4×1 is used for all of our calculations.
The atomic displacement cut off varies from unstrained to different strained struc-
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tures: Hence, to construct the displaced configurations we consider up to 14th
nearest neighbour interactions for unstrained structure case, and up to 9, 9, 20
and 14th nearest neighbour interactions for strain values, δ= -2, -1.5, 0.5 and 1
respectively. Total number of generated configurations are: 456, 456, 554, 1260,
660 for strain values, δ= -2, -1.5, 0, 0.5 and 1 respectively.

7.3 Results

7.3.1 Crystal Structure

Figure 7.2: (a) Top and side views of the optimized structures of tellurene in
different phases: α-Te, β-Te, and γ-Te. The figure is taken from ref.[17] (b) A
structural transition from β to α′ phase is signaled in terms of splitting of Te-Te
bond lengths, colored by red and blue.

The most stable structure of bulk Te is trigonal at ambient pressure having
three equivalent Te atoms at wyckoff position 6c of the unit cell. Each Te atom
is covalently bonded with its two nearest neighbors forming helical chirals, either
right handed in space group P3121 or left handed in space group P3221, which
run along the three-fold screw axis (c-axis) and are stacked together along a and
b-direction.
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Upon reduction in dimensionality to monolayer (ML) limit, three different
structures of Te were proposed by Zhu et al [17], 1T-MoS2-like α-Te, orthorhombic
β-Te and 2H-MoS2-like γ-Te. According to the nomenclature followed by Zhu
et al [17], α- and γ phases show a three- and sixfold coordination structure,
respectively, the β phase exhibits a mixture of three- and fourfold coordination
structures, as Te can possess multiple bonding configurations (cf Fig. 7.2(a)). A
different nomenclature has been followed by Xiang et al [18] in which naming of
different phases of tellurene are proposed based on their space group and their
relationship with the bulk Te. Following this, α-Te (hexagonal, P-3m1 space
group) named by Zhu et al.[17] is the ML γ Te. In the following discussion, we
have used the nomenclature by Xiang et al.[18] However to avoid confusion with
nomenclature by Zhu et al [17], we name the ”non-centrosymmetric β” with P2
space group symmetry as α′ phase ML.

At unstrained condition, β phase is found to be 30 meV/atom lower than γ
phase, while ML α′ phase is found to be not stable at unstrained condition. This
observation is contrary to that reported in [17] in which γ phase was found to be
most stable, but in accordance with the study by Qiao et al.[19] No soft phonon
modes were observed for monolayer β-Te, and a cohesive energy of 2.567 eV/atom
indicated that the kinetics of single-layer β-Te is relatively more stable.[20] We
find that relative stability of ML tellurene phases crucially depends on the choice
of exchange correlation functional. For example PBE-GGA stabilizes the β-Te
over γ-Te by 30 meV/atom whereas inclusion of Grimme’s van-der-Waal interac-
tion as used by Zhu et al. stabilize γ-Te by 50 meV/atom.

Starting from the unstrained β structure, we apply both compressive strain
and tensile strain. In order to estimate the strain exerted on ML Te in the
heterostructure geometry, we build suitable supercell of the component structures
to minimize their lattice mismatch (∼ <2%). For stacking 2D materials, one on
top of another, putting 1×1 cell of one material on 1×1 cell of another generally
creates large lattice mismatch between the two, thereby large strain imparted to
each other for a common inplane lattice constant. On the other hand, the lattice
mismatch can be greatly reduced by placing m × m supercell of one material on
n × n supercell of another, the choice of m and n being decided by condition
that lattice mismatch to be minimized. Under this condition, only a small strain
requires to be imparted to top layer to adjust to the lattice constant of the
bottom layer. In the above we assume the bottom layer to be held fixed. We use
graphene, MoS2, MoSe2, WS2 and WSe2 as substrate having good environmental
stability. In particular, we use the Latticematch method based on rotation matrix
as implemented in LatticeMatch code.[21, 22] Since the symmetry of β Te is
orthorhombic while the other 2D substrates are of hexagonal symmetry, we rotate
the substrate cell up to certain angle in order to match the lattice facing to that
of β Te. The strain induced on 2D Te due to lattice mismatch in van der Waals
structure is computed as,
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δ(%) =

√
Sother − STe

STe
× 100 (7.1)

where STe denotes the surface area of supercell of β-Te and Sother denotes that
of other 2D materials. This method has been applied not only to full heterostruc-
tures [23, 24], but also to monolayers, as often considered for the graphene-MoS2

heterostructure or transition-metal dichalcogenide/transition-metal dichalcogenide
heterostructures [25, 26]. We notice that substrate MoS2, MoSe2 and WS2 cause
negative strain whereas graphene and WSe2 cause positive strain in the β-Te
structures. This leads to compression of β-Te ML for van der Waals heterostruc-
ture with MoS2, MoSe2 and WS2, and expansion for graphene and WSe2. De-
pending on value of δ, we construct β-Te under different tensile and compressive
biaxial strains. The variation of lattice parameter of Te ML due to strain can be
expressed as follows:

ai(δ) = (1 +
δ

100
)aeqi , i = a, b (7.2)

aeqi represents the unstrained lattice constant of β-Te along a and b direction.
We choose δ = 0.5%, 1% for tensile strain and δ = 1.5% and 2% for compres-
sive strain. Table 7.1, summarizes the lattice constants of the supercells of the
components, the angle of rotation, θ, the surface areas of the components and
the strain. Relaxing the condition of the bottom layer to be fixed, results into
straining of the bottom layer of opposite sign as 2D Te, and slight modification
of the strain imparted on Te, as shown in Table 7.1.

As mentioned above ML α′ phase is not stable at unstrained condition. This
situation does not alter under compressive strain, but does change under tensile
strain.

2D Te in β structure consists of two inequivalent Te atoms in the unit cell,
Te1=Te3 at wyckoff position 4o, and Te2 at wyckoff position 1g resulting in two
types of Te-Te bonds, long bond, marked by red and blue in Fig 7.2(b), and short
bond, marked by green in Fig 7.2(b). In contrast, the α′ phase there are three
inequivalent Te atoms with inequivalence of Te1 and Te3, giving rise to three types
of Te-Te bonds, with unequal lengths of red, blue and green bonds, as shown in Fig
7.1 and Fig 7.2(b). In moving from α′ to β structure, one of the three inequivalent
Te atoms in α′ structure slightly shifts towards their closest neighbouring helical
chains resulting loss of chain like feature of α′ structure, as evident from Fig.
7.2(b). Upon application of compressive strain, the optimization starting from α′
structure is found to relax back to the centrosymmetric β-phase. However under
tensile strain, centrosymmetric β-phase is found to spontaneously transform to
non-centrosymmetric α′ phase for δ ≥ 0.5, as evident in terms of splitting of red
and blue bond lengths (cf Fig 7.1).
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vdwh β-Te Other 2D
a b STe a b θ Sother δ(%) δ′(%)

Te/ 17.1 8.5 144.9 17.3 8.6 90 147.6 1.36 1.57
graphene (-0.28)

Te/ 21.9 11.4 250.2 22.3 11.5 106.1 248.9 -0.73 -0.43
MoS2 (0.11)
Te/ 16.9 11.4 193.3 16.6 11.5 90 190.6 -1.18 -1.26

MoSe2 (0.13)
Te/ 21.9 11.4 250.2 22.3 11.5 106.1 248.9 -0.73 -0.45
WS2 (0.08)
Te/ 17.1 8.5 144.7 17.3 8.6 90 147.5 1.41 1.62

WSe2 (-0.38)

Table 7.1: Calculated strain (δ) due to lattice mismatch in van der Waals het-
erostructures (vdwh) of 2D-Te and other 2D materials, obtained assuming the
bottom layer to be fixed. Calculated strain on Te (δ

′
) assuming both Te and

bottom layer to relax is also shown. The strain on bottom layer is shown in
parenthesis.

The splitting of red and blue bonds under tensile strain removes the mirror
plane symmetry of ML β phase and brings back one dimensional helical chain
nature in the structure leading to formation of non-centrosymmetric ML α′ phase.
Thus the ML tellurene put on top on MoS2, MoSe2 and WS2 will stabilize in β
phase, and that put on top on graphene and WSe2 is expected to stabilize in α′
phase. Table 7.2, summarizes the optimized lattice parameters for different strain
values which confirms the conservation of orthorhombic symmetry of beta phase
Te upon straining. Hence, second ranked tensor properties should be anisotropic
along the in plane directions of ML, as found in the following.

δ a b α
-2.0 4.14 5.58 90o

-1.5 4.16 5.61 90o

0 4.23 5.69 90o

+0.5 4.25 5.72 90o

+1.0 4.27 5.75 90o

Table 7.2: Lattice parameters of biaxially strained β tellurene structures
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Figure 7.3: The variation of electronic band structure of 2D Te under different
biaxial strain. A structural transition from β to α′ phase is seen under tensile
strain. The zero of the energy is set at Fermi level (EF ). Marked are the direct
and indirect band gaps.

7.3.2 Electronic Structure

The electron configuration of Te is 5s25p4. While the covalent bonds between
intrachain Te atoms is formed by two unpaired p-electrons of adjacent atoms,
the lone pair of p-electrons contribute in interaction between two interchain Te
atoms. Thus, the interchain interaction is weaker than the intrachain one. The
calculated band structure of unstrained and strained ML tellurene, plotted along
the high symmetry k points of the 2D BZ, is shown in Fig. 7.3. As expected, it is
found that SOC has a significant influence on the electronic structure of tellurene.
Inclusion of SOC transforms the unstrained β-Te from indirect to direct band gap
semiconductor at high symmetry Γ point with energy gap 0.98 eV. Biaxial strain
with δ value ranging from -2% to +1% has very little effect on energy band gap
with gap value around 1 eV. The direct gap nature of the semiconducting band
structure persists under tensile strain, although degeneracy of the bands along
certain symmetry directions get lifted due to breaking of centrosymmetry in α′-
Te structure. Under compressive strain exceeding 1.5 %, the band gap changes
from direct to indirect with conduction band minima (CVM) shifting from Γ to
high symmetry X point.

7.3.3 Electron conductivity

Under CRTA, the electrical conductivity σ depends on electron relaxation time, τ
as a parameter and electrical BTE provides scaled electron conductivity (σ/τ) as
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Figure 7.4: (a) Effective elastic modulus along the zig-zag (x) and arm-chair (y)
directions plotted as a function of strain. (b) The effective mass for electron and
hole along the zig-zag (x) and arm-chair (y) directions plotted as a function of
strain. (c) The relaxation time for electron and hole along the zig-zag (x) and
arm-chair (y) directions plotted as a function of strain.
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output. Thus knowledge of τ , which refers to time interval between two successive
collisions of charge carriers during conduction, is required for determination of
σ. Moreover the 3D expression for σ (Eq. 2) involves the unit cell volume (Ω)
of the 2D material. Hence calculated σ depends on the length of the unit cell
used in the calculations along the z direction, and so should be normalized by
multiplying by Lz/d, where Lz is the length of the unit cell along the z direction
and d is the thickness of 2D material, but the d value is not well defined.[27]
In this connection, several strategies are proposed by different researchers. In
most calculations the interlayer distances (t1) of the corresponding 3D materials
is used.[28–30] Researchers have also used the buckling distance i.e., the out
of plane direction distance between the topmost and bottommost atoms in the
2D structure (t2) as the thickness.[31] Others have used the summation of the
buckling distance and the van der Waals (vdW) radii of the outer-most surface
atoms (t3).[1, 32, 33] While the third choice (t3) usually yields values close to the
inter-layer distance (t1), the second choice has an obvious flaw - the graphene
thickness would be zero since it is of single atom layer. It should however be
understood that no matter which definition is used, the normalization constant
is a number, and as long as specified and used uniformly between unstrained and
strained structures, should provide the right trend.

As mentioned, the most stable structure of bulk Te has trigonal space group
symmetry in ambient condition which is quite different from that of β-tellurene
ML. β-tellurene has orthorhombic space group (a 6= b) symmetry and thus no
stable bulk counterpart. Hence we cannot use the first definition. However, most
of the previous applications of definition are to 2D materials with minimal in-
plane anisotropy, which is very different from our studied case. ML β-Te has a
large inplane anisotropy. This should be reflected in the normalization procedure
in order to consider the anisotropic character of transport properties of ML β-Te.
Keeping this in mind, and difficulties associated with defining the out-of-plane
thickness, we have chosen the in plane length of the unit cell in a (=4.23Å) or
b (=5.69Å) direction instead of out-of-plane distance for normalization of trans-
port properties along x or y direction, respectively. This leads to two distinct
normalization constant along x or y transport direction equal to 5.20 and 3.87
respectively. Thus, σ along specific transport direction have been normalized by
multiplying respective normalization constant.

τ along particular transport direction is proportional to corresponding carrier
mobility (µ2D). We consider electron-phonon scattering to estimate mobility as
well as carrier relaxation time with the help of deformation potential theory. Here,
we assume that charge carrier mobility is inversely proportional to their effective
mass provided there is no change in the time scale for quasi particle scattering, i.e.
relaxation time τ . The transport mobility can be expressed within deformation
potential theory as follows, [34–36]
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µ2D =
eτ

m∗
=

e~3C2D

KBTm∗ma(E1
i)2

(7.3)

where, ~ is the reduced planks constant, KB is the Boltzmanns constant,
T is absolute temperature. m∗ (m∗x or m∗y) is the effective mass in transport
direction along x and y respectively. ma is defined as

√
m∗xm∗y. E1

i is the
deformation potential of the VBM for hole or the conduction band minimum
(CBM) for electron along transport direction, defined by E1

i = (∆Ei)/(∆l/l0).
∆Ei represents the energy change of VBM and CBM with reference to vacuum
energy and ∆l/l0 is uniaxial strain. C2D, effective elastic modulus due to longitu-
dinal strain along propagation direction (x or y) of acoustic wave, is defined by,
2(E − E0)

S0

= C2D(∆l/l0)2, where E and E0 are the total energies of the strained

and equilibrium configuration respectively. S0 is the equilibrium surface area, l
and l0 represent deformed and undeformed lattice parameters. Scattering rate
increases with temperature leading to lowering of mobility as well as relaxation
time captured by its T−1 behaviour.

The directional effective mass tensor can be expressed as,

m∗ =
h2

4π2
(
∂2E

∂k2
)−1 (7.4)

i.e. the curvature of a band at a particular k-point.
Fig. 7.4(a) shows the variation of C2D as a function of strain which essen-

tially measures the ability of a material to withstand longitudinal strain caused
by propagation of longitudinal acoustic wave along transport directions, x and
y. For unstrained β-Te, Cxx

2D and Cyy
2D are found to be 25.6 Jm−2 and 32 Jm−2,

respectively, bearing the signature of anisotropy. Under tensile strain, the magni-
tude of C2D as well as asymmetry between x and y-direction increases due to the
structural transition from more 2D-like β to helical chain more 1D like α′ phase.
Cxx

2D (Cyy
2D) changes slightly to 23 (37) from 25.6 (32) J-m−2 as δ increase from 0

to 1. On the contrary upon compressive strain both the magnitude of C2D as well
as asymmetry between x and y direction decreases. We notice that a crossover of
Cxx

2D and Cyy
2D occurs around δ = -0.5.

For unstrained β-Te, the deformation potential for electron along x and y
direction are found to be, Ex

1 = 7.1 and Ey
1 = 3 and that of for hole are found to

be Ex
1 = 6.8 and Ey

1 = 2.3. For electrons, the E1 do not show significant changes
upon straining whereas for holes, E1 decreases with tensile strain. Ex

1 (Ey
1 ) for

holes decreases to 2.1 (0.4) from 6.8 (2.3) eV as δ increase from 0 to 1.
The effect of biaxial strain on effective masses of hole and electrons are shown

in Fig. 7.4(b). Under compressive strain, electron effective mass along x direction
m∗xxe changes significantly, shows a jump at maximum value around -2%. This is
also evident from band structures of -2% strained β Te structure, in which CBM
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shifts from Γ to X point resulting direct to indirect band gap transition. Under
tensile strain, m∗xxh (m∗yyh ) inreases to 0.25 (0.55) from 0.11 (0.3) me as δ increase
from 0 to 1.

Using the knowledge of C2D, m∗ and deformation potential, the carrier mo-
bility and hence the relaxation time is calculated, as shown in Fig. 7.4(c) for
T = 300 K. For unstrained β-Te, maximum relaxation time is observed for hole
transport along y or arm-chair direction with value 400 fs whereas correspond-
ing value for electron is found to be 125 fs at T = 300K. Under compressive
strain, overall relaxation time is found to decrease whereas tensile strain is found
to cause increase of it. Maximum value of τ is noticed for hole transport along
y-direction for both compressive and tensile strains. At δ=-1.5, τ yyh = 32 fs which
increase to 158 fs for δ=-2 at T = 300K reflecting corresponding change in mo-
bility value (µyy2D) from 170 to 820 cm2V−1s−2. Tensile strain causes τ for hole
along y-direction to dominate over x-direction by large difference. At δ=+1, τ yyh
attains 7500 fs whereas τxxh = 200 fs. This increase of τh upon tensile strain
along both transport directions is due to the combined effect of m∗, C2D and E1.
Now as δ goes from 0 to 1, m∗xxh (m∗yyh ) increases by 127% (83%) and Cxx

2D (Cyy
2D)

changes slightly to -10% (15%). But τ is inversely proportional to square of E1.
So even slight decrease in E1 can increase the τ significantly. The corresponding
percentage change of Ex

1 and Ey
1 is -69% and -83% respectively. This drives the

factor of 5 increase of τxxh and order of magnitude increase of τ yyh .
Fig. 7.5(a) shows the variation of electrical conductivity, σ at room temper-

ature (300 K) as a function of strain in 2D Te structures calculated for carrier
concentration of 1013cm−2. The optimum PF for unstrained Te in β phase was
shown to be achieved for carrier concentration of 1013cm−2.[8] We have consid-
ered the carrier concentration of 1013cm−2 for both n- and p- type carrier for
electrical transport calculation of unstrained and strained structures. σ is found
to decrease with temperature for all cases since scattering of charge carriers with
phonons increases with temperature. Following the nature of carrier mobility and
relaxation time, the major contribution to σ is found to be from holes. For un-
strained case, maximum σ is obtained for hole transport along y-direction (σyyh )
with the value of 1.45×106 Sm−1 which is significantly larger compared to that
of electron, σyye = 7.74×105 Sm−1. Under tensile strain, σ increases for both
electron and hole. At δ=+1.0, σyyh is found to be 2.86×107 Sm−1 which is more
than order of magnitude larger than that of unstrained case. On the other hand,
under compressive strain, σ is found to show only marginal changes from the
unstrained value, even a decrease for δ = -2.0.

The variation of Seebeck coefficient, evaluated at 300 K, with strain value,
which represents induced TE voltage in response to a unit temperature gradient
across the material is shown in Fig. 7.5(b). Since the band gap does not show
much variation upon straining, there is not much variation observed for Seebeck
coefficient upon straining, with values around 100-200 µVK−1. These values are
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Figure 7.5: The electrical conductivity (a), Seeback coefficient (b) and power
factor (c) at 300 K for electron and hole carriers along the zig-zag (x) and arm-
chair (y) directions plotted as a function of strain.
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comparable to the well-known TE materials such as Bi2Te3 and PbTe (∼250
µVK−1 at 350K, ∼250 µVK−1 at 500K respectively).[37, 38]

The corresponding PF determined from computed S and σ is shown in Fig.
7.5(c). For unstrained case, maximum PF is obtained for PF yy

h = 2.64×102

µWcm−1K−2 followed by PF yy
e = 1.17×102 µWcm−1K−2 at T = 300K which

agrees well that obtained by Sang et al.[8] Under tensile strain, PF shows a large
enhancement with PF yy

h = 1.1×104 µWcm−1K−2 for δ = 1.0, which is about two
order of magnitude larger than that of unstrained case. PF of electron transport
along y direction is also quite appreciable for δ = 1.0, with PF yy

e = 3.67×102

µWcm−1K−2. This large enhancement of PF is primarily due to the large increase
of σ on application of biaxial tensile strain with strain having only a moderate
effect on S. On the other hand, under compressive strain, the PF shows only
marginal change compared to unstrained, following the same trend as electrical
conductivity.

7.3.4 Phonon dispersion

Phonon dispersion is important to understand the dynamical stability of a mate-
rial. Fig. 7.6 shows the phonon band structure of unstrained as well as strained
2D Te with representative strain values of δ= -2 and +1, plotted along the high
symmetry k points of the monoclinic space group. As is seen, phonon dispersion
do not contain imaginary frequencies suggesting the strained structures are dy-
namically stable. As there are three atoms in the unit cell, there are total nine
phonon modes, out of which three are acoustic modes and rest six are optical
modes. Three acoustic modes with increasing frequency can be classified as ZA,
TA and LA mode, as marked in the figure. The ZA mode, also known as the
flexural mode, governs the out-of-plane transverse vibration of the 2D structure
and must show the quadratic dispersion close to Γ point for the unstrained struc-
ture. Other two acoustic branches TA and LA govern the in-plane transverse and
longitudinal vibration, respectively, and show linear behavior near the Γ point.
We found at unstrained condition, for q values close to Γ point, ZA mode shows
linear dependence with q. This artifact has been evident in many recent ab-initio
calculation for 2D systems like MoS2, WS2, WSe2 etc [39][40][41] and can affect
the phonon transport significantly [42]. Accurate description of ZA mode in long
wavelength limit has been obtained in both ab-initio and empirical calculations by
enforcing the translational and rotational invariance condition related to crystal
structure of the 2D system [42]. Translational invariance can be imposed using
PHONOPY [15]. To employ the rotational invariance (huang condition)[43] upon
the 2nd order IFC, we use the hiPhive [44] software package. After imposing both
invariance conditions, the expected quadratic behavior of ZA mode near Γ point
is observed at unstrained condition. We notice an unique feature of the disper-
sions, an asymmetric optical phonon branch overlapping with acoustic modes in
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Figure 7.6: Phonon dispersion of 2D Te for representative strain values of δ=
-1.5 (a), 0. (b) and +1.0 (c). Marked are the three acoustic modes and the low
frequency transverse optic mode, TOx.
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low frequency regime. The corresponding optical mode vibrates along x direction.
We label it as TOx mode.

7.3.5 Thermal conductivity

Thermal conductivity (κ) measures the intrinsic ability of a material to conduct
or transfer heat. Heat can be transported by both lattice and charge carrier
giving rise to two components of κ namely electron thermal conductivity (κe) and
lattice thermal conductivity (κl). We calculate κe/τ from electron BTE which is
governed by electronic structure of material and compute κe using value of τ . On
the other hand, κl is determined by solving lattice BTE using the information of
2nd order harmonic IFC and 3rd order anharmonic IFC’s related to the lattice
structure of material. The 3D expression for κl (Eq. 2.131) involves Ω similar to
that of σ. Likewise κl is normalized.

As seen in Fig 7.7, for unstrained structures, κe is order of magnitude higher
than κl, implying that heat is primarily transported through charge carriers.
Maximum κe is noticed for electrons κyyee , with comparable values of κxxee , κxxeh
and κyyeh (21.8 Wm−1K−1, 6.9, 7.7, 8.6 Wm−1K−1 respectively at T = 300K).
We observe that the 3D lattice thermal conductivity depends sensitively on the
quadracity of the out-of-plane ZA mode around Γ point. In absence of huang
invariance condition, κl turns out to be order of magnitude smaller than κe with
values κxxl = 1.29 and κyyl = 0.43 Wm−1K−1 at T = 300K which matches well
with that of obtained using uncorrected ZA mode [45]. After incorporating huang
invariance, κxxl and κyyl becomes 3.96 and 1.99 Wm−1K−1 at T = 300K respec-
tively. These values are in good agreement with the values κxxl = 4.08 and κyyl =
2.16 Wm−1K−1 reported in [1] where 2nd order IFCs are corrected using contin-
uum approach for long-wavelength acoustic phonons as proposed in [46]. Thus
implementation of huang invariance condition improves the underestimation of
κl rectifying for the inaccuracies in ZA mode.

Under tensile strain, due to additional asymmetry in the structure in the
α′-phase, large variation is observed between transport along x and y-directions,
both for charge and lattice components. Interestingly while the heat transport by
the holes show more than an order of magnitude enhancement compared to that
in unstrained structure, the lattice component shows order of magnitude decrease.
This leads to κe more than two order of magnitude higher than κl causing ZT to
be solely controlled by κe and little perturbed by changes in κl. For compressive
strain, with added inversion symmetry in the structure in the β phase, variation
among charge and lattice components of thermal conductivity becomes less. This
allows both κe and κl to have non-negligible contribution in ZT . Imposition of
huang invariance causes slight increase of κl compared to unstrained structure,
with values κxxl = 4.40 and κyyl = 2.06 Wm−1K−1. This follows the general trend
that compressive strain increases lattice thermal conductivity.
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Figure 7.7: The temperature variation of electronic, κe and lattice thermal con-
ductivity κl along the zig-zag (xx) and arm-chair (yy) directions for representative
strain values of δ= -1.5 (a), 0. (b) and +1.0 (c).
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It is interesting to find that κl in both unstrained and strained structures of
2D Te in both transport directions follow T−1 behavior. This indicates dominant
Umklapp process of phonon scattering arising from 3rd order anharmonic term of
potential energy expansion causing thermal resistivity. T−1 behaviour is common
in other heavy elements and recently is also experimentally observed in bulk
Te. The low values of κl in 2D Te compared to for example MoSe2 or MoS2

originates from reduced group velocity due to heavy mass of Te, which gets further
influenced by the unique feature of phonon dispersion namely the low frequency
optical mode TOx overlapping with acoustic mode causing increase of phonon-
phonon scattering rate. As is seen in Fig 7.6, applied strain softens the in-plane
(TA and LA) modes, while it stiffens the out-of-plane ZA mode. Under tensile
strain, ZA mode is seen to deviate from its quadratic nature around Γ point even
with the application of huang condition. For a sufficiently large strain, the ZA
modes becomes linear (cf Fig 7.6) suppressing κl. Such a trend has been seen in
2H MoTe2.[47] This observation has been evident from our calculated κl at δ=1,
with κxxl = 0.144 and κyyl = 0.815 Wm−1K−1 at T = 300K.

7.3.6 Figure of merit and TE conversion efficiency

Figure of merit ZT is determined from computed power factor and total thermal
conductivity. Temperature dependence of ZT for the unstrained Te ML is shown
in Fig. 7.8(a). ZT of the unstrained structure, which shows a monotonic increase
with temperature, is found to be largest for p-doping along the y or armchair
direction with ZT hyy = 2.85 at T=800K. We find that ZT decreases slightly with
corrected ZA mode using huang invariance condition. ZT yyh decreases from 0.76
to 0.64 at T = 300 K and 2.33 to 2.12 at T = 700 K.

TE performance can be evaluated by computing their TE conversion efficien-
cies, related to Carnot efficiency and ZT value,

η =
Th − Tc
Th

√
1 + ZT − 1√

1 + ZT + Tc/Th
(7.5)

where Th and Tc are the hot and cold end of the TE devices, respectively and

Carnot efficiency is given by
Th − Tc
Th

. Taking Tc = 300 K and Th ranging from

300 to 800 K, calculated η values of unstrained structure is shown in inset of Fig.
7.8(a), which shows ηyyh = 25.1% at 800 K.

The monotonic increase of ZT with temperature as well as dominance of p-
type TE along arm-chair direction is found to hold good even for the strained
structures. However, both ZT and η are found to be enhanced significantly by
tensile strain. At room temperature (300K) the ZT yyh is found to show about 84%
increase, with the value crossing 1(1.18), for tensile strain of δ = 1.0 while slight
increase of 6% is evident under compressive strain of δ = -1.5. The effect is found
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Figure 7.8: (a) The temperature variation of ZT and TE efficiency (inset) of
unstrained Te monolayer, for chosen carrier concentration of 1013cm−2. (b) The
variation of ZT yyh with strain at T = 300 K, 500 K and 800 K. The inset shows
the corresponding variation of TE efficiency at 500 K and 800 K. (c) Comparison
of TE perfomance of strained and unstrained Te monolayer with other known
p-type layered materials.
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to be more spectacular at high temperature (T=800K) for tensile strain. For δ
= 1.0, ZT yyh found to reach 6.07, amounting to 113% enhancement with respect
to unstrained ZT yyh while under compressive strain of δ=-1.5, ZT yyh becomes 2.66
of about 7% decrease than that of unstrained case. The variation of ZT yyh with
respect to biaxial strain at T = 300K, 500K and 800K is shown in Fig. 7.8(b).
Tensile strain is found to cause a sharp increase in ZT values, found to be above
2 for T > 400 K. Interestingly, following the trend of ZT , maximum efficiency
also shows an increase upon the application of tensile strain, as shown in inset
of Fig. 7.8(b) with value of 34.2 % at T= 800 K for δ=1. The strategy of
strain engineering to increase ZT was also found to be effective for γ- phase of
ML tellurene [48] which showed that upon 4% tensile strain ZT of n-type ML γ
Te can increse to 71% and 39% compared to that of calculated with unstrained
structure at T = 300 K and 700 K respectively.

Finally, the thermoelectric performance, namely the p-type ZT values of
strained and unstrained ML Te are shown in Fig. 7.8(c) in comparison to
that of known p-type layered compounds. As is seen, performance of 1% ten-
sile strained or -1.5% compressive strained Te ML as elemental thermoelectric
is comparable to ternary compound BiSbTe [49] at room temperature, while its
performance at high temperature (800 K) is far superior compared to other p-
type binary or ternary layered thermoelectrics like NaSnPbSe[50] or SnSe[51] or
Ag(Cu)CrSe2[52, 53], BiCuSeO[54], Sn0.97Ge0.03Se[55] etc.

7.4 Conclusion

In conclusion, employing first-principles DFT calculations and Boltzmann trans-
port theory, we investigate the role of strain on thermoelectric properties of mono-
layer tellurene,[20] brought into attention recently due to its fascinating proper-
ties including environmental stability, piezoelectric effect, high carrier mobility,
photoresponse etc.[4–6] We consider realistics estimates of compressive as well
as tensile strain values, that may be imparted through heterostructuring with
known 2D materials, like graphene or transition metal dichalcogenides. We find
interesting structural transition from centrosymmetric to noncentrosymmetric he-
lical chain structure under tensile strain that has important bearing on the elastic
properties. Although the band gap is not found to be show a significant variation,
a direct to indirect band gap transition is observed for large compressive strain
of 2%, with electrical conductivity, and power factor showing more than one and
two order of magnitude enhancement under tensile strain, driven by the changes
in mobility. The thermal conductivity dominated by heat transport by charge
carriers, which is the lowest for tellurene among known 2D Materials, is increased
under compressive strain. The delicate balance between electrical and thermal
transport results in enhanced thermoelectric figure of merit for tensile strain,
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with a value exceeding 1.0 at room temperature, comparable to BiSbTe.[49] For
strained structures, the ZT value remains above 2 beyond temperature of 400
K and shoots up to 6.07 at 800 K, much higher than other binary and ternary
layered thermoelectrics like SnS0.91Se0.09[56], SnSe[51], or Sn0.97Ge0.03Se[55] or
BiCuSeO[54]. These findings underline the prospect of the strained tellurene as
high-performance thermoelectric at moderate temperature.
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Chapter 8

Summary and Outlook

The primary objective of the present thesis is based on the modeling and sim-
ulation of two broad classes of materials that are technologically important and
indigenous. The first class of materials is molecular complexes and coordination
polymers exhibiting spin-crossover (SCO) properties which have been discussed
in chapters 3 to 5. In chapters 3 and 4, we study the light-induced excited spin
state trapping (LIESST) phenomena in Fe(II) based complexes which require an
accurate description of both ground and excited states. Considering a model
SCO system, we first test the applicability of wave function and density func-
tional theory (DFT) based approaches in such situations in Chapter 3. With
that knowledge in Chapter 4, we employ the time-dependent density functional
theory (TDDFT) based scheme with a suitable choice of exchange-correlation
(XC) functional to explain the observed trend in the relaxation rate of LIESST
process for a range of Fe(II) SCO complexes. In Chapter 5, we provide the mi-
croscopic understanding of thermally activated Spin transition observed in the
tetrazole-based coordination polymer following the model Hamiltonian approach
proposed by Banerjee et al. Chapters 6 and 7 deal with the other class namely
layered two-dimensional (2D) materials displaying thermoelectric properties. We
first discuss the thermoelectric properties of double transition metal carbide com-
pound MXene with complex alloyed structure in Chapter 6 and then elemental
2D material Tellurene in Chapter 7 within the framework of Boltzmann transport
theory taking input from DFT band structure.

In the present chapter, we summarize the main findings described in the previ-
ous chapters that emerge from our study. We then discuss the future possibilities
to extend on our present work.
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8.1 Summary

8.1.1 Chapter 3: Light-Induced Excited Spin State Trap-
ping in Spin Crossover Model System

In Chapter 3, we investigate the LIESST problem considering a hypothetical
SCO model system built from a real complex [Fe(abpt)2(NCS)2] (where abpt =
4-amino-3,5-bis(pyridin-2-yl)-1,2,4-triazole) using two complementary techniques
namely time-dependent density functional theory (TDDFT) with choice of dif-
ferent XC functional, and multi-reference approach of complete active space self-
consistent field (CASSCF) and complete active-space second-order perturbation
(CASPT2) theory. The findings are summarized below,

• Comparing the electronic energy difference between the ground High spin
(HS) and Low spin (LS) state (∆E0

HL), we find that CASSCF gives rise to
unphysical stabilization of the HS state over the LS state. This contradicts
the SCO behavior of LIESST material. But DFT with different choices of
functionals captures the right stability.

• CASPT2 calculations which include the effect of dynamical correlation,
make the unphysical stabilization of HS state over LS state much less se-
vere, compared to that in CASSCF, stressing the importance of inclusion
of dynamical effect.

• Within the d-d excitation-deexcitation scenario and Franck-Condon the-
ory, we compute the relaxation rates of possible LIESST mechanisms, as
suggested by the two approaches.

• Based on our findings, we conclude that rates are captured in a reasonable
manner by TDDFT making it a suitable approach to estimate the relaxation
rates of real complexes, consisting of several tens to several hundreds of
atoms, given its computationally inexpensive nature compared to that of
the multi-reference approaches.

8.1.2 Chapter 4: Trend in Light-Induced Excited-State
Spin Trapping in Fe(II)-based Spin Crossover Sys-
tems

Exercise made in Chapter 3 makes us believe that TDDFT with a suitable choice
of XC functional is a potential tool for the microscopic understanding of the
variation in the low-temperature rate constant of LIESST process for a range of
Fe(II) complexes. In Chapter 4, we explore this possibility by considering four
different LIESST complexes with the following ligands of varying degree of size
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and complexity, 1-propyltetrazole (ptz), 2-picolylamine (pic), tris4-[(6-methyl)-
2-pyridyl]-3-aza-butenylamine ((mepy)3tren), 2,2’-bipyridine. The choice of the
specific ligands is primarily based on the relative stability of their charge-transfer
and ligand-field electronic states. These complexes, studied by Hauser et al[1],
exhibit 14 orders of magnitude variation in rate constant, posing a challange for
theoretical calculation. The major findings are:

• By carefully examining 21 different XC functionals from the broad catagory
of the GGA, meta-GGA, hybrid, range-separated hybrid, hybrid meta-
GGA, and double-hybrid types, a consistent description of ∆E0

HL of the
four compounds are established by comparing computed estimate of ∆EHL
with experimental estimates drawn from knowledge of T1/2 and ∆S0

HL.

• Within the d-d excitation-deexcitation, calculated low-temperature relax-
ation rate constants of ptz and pic complexes are found to be in excellent
agreement with measured values. It is noteworthy that the measured re-
laxation rates from the four complexes vary over a range of nine orders of
magnitude with ∼ 4×10−5 for ptz to 104 for bipy.

• Both the HS-LS energy gap and nuclear contribution of rate constant are
found to contribute to this trend being coupled to the ligand field effect and
metal-ligand bond stiffness. The metal-ligand covalency, quantified through
the integrated value of crystal orbital Hamiltonian population (ICOHP),
reveals clear correspondence with the low-temperature rate constant.

• This, in turn, establishes the progressive stabilization of the charge-transfer
and ligand-field states from 1-propyltetrazole to 2,2-bipyridine utilizing an
increasing degree of covalency.

Our study underlines the relationship between the geometry of the ligands
and the relaxation rate. The microscopic understanding, thus provided,
may be useful in rational designing of the ligands, with desired LIESST
properties.

8.1.3 Chapter 5: Trend in cooperativity in spin-crossover
of metal-organic polymers

In Chapter 5, we investigate the microscopic origin of cooperativity in three Fe(II)
tetrazole-based polymeric compounds showing different thermal spin transition
behavior. The tetrazole-based bridging ligand of the polymers is differed by
the number of carbon atoms present in the linker between two tetrazole rings
leading to the formation of 1D and 2D coordination networks. Following the
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model Hamiltonian approach proposed by Banerjee et al., we calculate the spin-
dependent elastic interaction (Ev) and magnetic exchange interaction (J) among
Fe(II) centers of associated polymers. Our findings, as listed below, show

• The elastic exchange, Ev for all the compounds are of an anti-ferroelastic
type and hence cooperative behavior is determined by magnetic exchange
J.

• J turns out to be anti-ferromagnetic for all compounds.

• Ev is found to decrease as one move from two to four and six C- linker-based
ligand compounds and J shows a similar trend as that of Ev.

• This in turn explains the decrease of hysteresis width (∆T1/2) in six C-linker
based (2K) ligand compounds than that of two C-linker based (29K) ones.

• We predict that the Four C-linker-based Fe(II) compounds must show spin
transition accompanied by hysteresis which is yet to be validated from the
experiment.

8.1.4 Chapter 6: First-principles Prediction of Enhanced
Thermoelectric Properties of Double Transition Metal
MXenes: Ti3−xMoxC2T2 (x =0.5, 1, 1.5, 2, 2.5, T =
-OH/-O/-F)

In Chapter 6, we investigate the stability, electronic, magnetic, and transport
properties of Ti-Mo-based MXene compounds considering five ordered alloyed
structures Ti3−xMoxC2 with x = 0.5, 1, 1.5, 2, 2.5 in two possible ordered forms
i.e., I-MXene and O-MXene, employing first-principles density functional theory
and Boltzmann transport formalism.

• First, we study the relative stability of unpassivated structures between the
I- and O- phases. This uncovers the role of magnetism in chemical ordering
stabilizing the I-phase over the O-phase.

• To capture the realistic situation, we next consider the structures passivated
by -O or -F or -OH, which is found to stabilize the O-phases.

• Passivated Ti-Mo MXenes show an antiferromagnetic AFM-1 ground state
with ferro ordering of TMs along the a-axis, antiferro ordering of TMs along
the b-axis, and ferro ordering of TMs along the c-axis.

• Among all the studied MXenes, Ti2MoC2F2, TiMo2C2F2, and TiMo2C2(OH)2

are found to be semiconducting, opening up the possible use of these com-
pounds as thermoelectric materials.
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• In order to validate our scheme of transport calculation with experiment, we
calculate the electrical transport properties of passivated n-type TiMo2C2

with uniform as well as mixed passivation by -O or -F or -OH.

• The calculated results are found to show good agreement with experimental
data for the choice of passivation with O and OH.

• We find that Ti2MoC2 show superior electrical transport properties com-
pared to TiMo2C2 with a power-factor of 104 µWcm−1K−2 at 300 K for a
p-type carrier density of 1019cm−3.

• This leads to an exceptional thermoelectric figure of merit of ZT of 1.5 at
300 K, and 3.1 at 800 K, the latter with a 27 % efficiency.

Our theoretical prediction should motivate the study of passivated Ti2MoC2

compounds, exploring their usage as potential thermoelectric materials.

8.1.5 Chapter 7: High-performance Thermoelectric Prop-
erties of Strained Two-Dimensional Tellurium

In Chapter 7, we investigate the influence of biaxial strain on Tellurene, which
had been discussed already for its potential in thermoelectric applications. We
demonstrate that the structural, electrical, and thermal transport properties of
monolayer (ML) orthorhombic β-Te can get strongly influenced by strain. The
summary of our main findings are,

• To get a realistic estimate of strain (∼< 2%), we construct the van der
Waals hetero-structure of β-Te with other known 2D materials like graphene,
MoS2, MoSe2, WS2 and WSe2. We notice that substrate MoS2, MoSe2, and
WS2 lead to compression on β-Te ML whereas graphene and WSe2 lead
expansion.

• We find that under tensile strain, centrosymmetric β-phase of 2D Te spon-
taneously transforms to non-centrosymmetric α′-phase with a helical chain-
like structure at tensile strain ≥ 0.5%, while structural symmetry remains
unaltered under compressive strain.

• Following the structural changes of 2D Te under strain, the anisotropy in
elastic properties of 2D Te is found to show interesting evolution, which had
an important bearing on the mobility of the charge carriers that depend on
stretching modulus, deformation potential, and effective mass.

• Although the band gap remains essentially unchanged (∼1 eV) upon strain-
ing, which keeps the Seeback coefficient unchanged, more than an order of
magnitude enhancement in electrical conductivity is observed under tensile
strain, driven by changes in mobility and hence relaxation time.
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• This drives the power factor (PF) S2σ for holes along armchair direction
(104 µWcm−1K−2) about two order of magnitude larger for 2D Te under
tensile strain.

• Under tensile strain, heat transport by the holes shows more than an order
of magnitude enhancement compared to that in an unstrained structure
whereas the lattice component shows an order of magnitude decrease.

• We find that compressive strain increases lattice thermal conductivity.

• The delicate balance between electrical and thermal transport results in
an enhanced thermoelectric figure of merit for tensile strain, with a value
exceeding 1.0 at room temperature, comparable to BiSbTe.

• For strained structures, the ZT value remains above 2 beyond the tem-
perature of 400 K and shoots up to 6.07 at 800 K, much higher than
other binary and ternary layered thermoelectrics like SnS0.91Se0.09, SnSe,
or Sn0.97Ge0.03Se or BiCuSeO.

Above findings underline the prospect of the strained tellurene as a high-
performance thermoelectric at moderate temperatures.

8.2 Outlook

8.2.1 SCO molecular materials and coordination polymers

In chapters 3 and 4, we studied the LIESST phenomena of Fe(II) complexes with
the help of the Relaxation model proposed by Hauser et al. Here, electronic
states are modeled as 1D potential energy curves (PECs). Structure-wise, spin
crossover is accompanied by drastic change within the first coordination sphere of
the complexes leading to considerable elongation of the iron-ligand bond length
during LS→HS transition. Hence we consider the PECs as a function of the
average bond length of Fe(II)N6 octahedra (< RFe−N >) only. Our analysis may
be improved on following aspects.

• We have assumed that the LIESST mechanism is limited to the d-d excitation-
deexcitation scenario. This assumption holds good when the d manifold is
widely separated from the metal-ligand charge transfer (MLCT) manifold.
While this is a simplistic approach, this is a pragmatic approach given the
complexity and diversity of the actual complexes. A more involved and so-
phisticated approach considering explicit nuclear quantum dynamics[2] has
been applied in the context[3–15] of model systems. Although It will be a
computational challenge to apply such an approach to real complexes, it is
worth investigating its effect on case like [Fe(2,2’-bipyridine)3]2+.
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• As discussed in Chapter 1, the main disadvantage of the LIESST phenom-
ena is that the trapping in photoinduced HS state occurs only at cryo-
genic temperature and there is a rapid increase of the HS → LS relaxation
rate constant above ∼50K. Above a certain critical temperature defined as
Tc(LIESST )[16], the system overcomes the energy barrier between the two
spin states and relaxes to the LS state. This prohibits the potential applica-
tions of LIESST compounds in any electronic devices. Although there are
several strategies proposed by Hauser to circumvent the situations [17] dis-
cussed in the following, it still remains an open problem to the community.
In this respect, the following may be worth exploring.

a) To manifest LIESST at higher temperatures requires designing com-
pounds with larger HS-LS metal-ligand bond difference (∆RHL). Phosphine-
based Fe(II) complex with ∆RHL ∼0.27Å reported to have kHL(T → 0) one
order of magnitude smaller than that of the complexes with nitrogen donors
by Wu et al.[18] and the Tc(LIESST ) turned out to be relatively large as
∼80 K.

b) Light-induced bistability exhibited by [Fe(etz)6](BF4)[19] could be an-
other possible strategy. Hauser suggested that irradiation inside the hys-
teresis of a thermal spin transition may result in switching between two
spin states of the crystal with a large lifetime. Such experiments on sys-
tems with thermal hysteresis at elevated temperatures have not yet been
done successfully. Hence computational modeling of this situation could be
useful.

c) A secondary photochemical process triggered by the light-induced popu-
lation of the HS state could be a promising strategy. Here the HS→LS relax-
ation rate of a system is determined by an intramolecular ligand exchange[20]
instead of intersystem crossing making the process two orders of magnitude
slower. Renz et al.[21] obtained a long-lived metastable HS state for the LS
system [Fe(terpy)2]2+ doped into an inert manganese host.

• It is also worth mentioning that, Letard et al[16] compared the photomag-
netic properties of a series of Fe(II) compounds in the high-temperature re-
gion, determined corresponding Tc(LIESST ) values, and correlated them
with their thermal properties. Variation of Tc(LIESST ) vs T1/2 for 22
compounds were shown to be represented by parallel lines of the equation
of the form Tc(LIESST ) = T 00.3T1/2, where T 0 expected to vary with the
associated cooperativity of the compounds. Previously, a similar correlation
was suggested by Hauser et al where they demonstrated that the logarithm
of the lifetime of the metastable LIESST state is inversely proportional to
T1/2, known as inverse gap law. Microscopic understanding of such corre-
lation is important because it may help to tune the LIESST properties in
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the desired range of temperatures.

In Chapter 5, we discuss the microscopic origin of thermally activated spin
transition for three different tetrazole-based Fe(II) polymeric compounds
using the model Hamiltonian setup proposed by Banerjee et al. Currently,
we will solve the constructed Hamiltonian using a Monte Carlo simulation
based on a standard Metropolis algorithm. Spin-dependent elastic interac-
tions and magnetic exchange interactions for different compounds extracted
from DFT calculation will serve as the model parameters and can be used to
simulate respective spin transition behavior, which will be taken up shortly.

8.2.2 Layered 2D thermoelectric materials

In chapters 6 and 7, we studied the transport properties of materials within the
semi-classical Boltzmann transport theory. There are several future directions.

• More sophisticated methods involving quantum transport techniques like
non-equilibrium green function formalism[22] could be employed to calcu-
late the transport properties as done by Lu et al.[23] and Xu et al.[24] to
calculate thermal transport in grain boundaries of graphene, and graphene
junctions and quantum dots, respectively.

• As suggested by Li et al.[25], there are two possible research approaches
in order to achieve high-performance thermoelectric materials by tailor-
ing their interconnected transport properties. Both mechanisms provide
a chance to disconnect the linkage between thermal and electrical trans-
port by introducing some new scattering mechanisms and enhancing the
figure of merit ZT . One approach is to explore new materials with complex
crystalline structures such as skutterudites[26], clathrates[27], and Zintl
compounds[28]. In skutterudites, clathrates compounds, the rattling mo-
tion of loosely bonded atoms within a large cage generates strong scattering
against lattice phonon propagation but has less impact on the transport
of electrons. As a consequence, the thermal conductivity can be reduced
greatly while maintaining the electrical conductivity unaltered. Zintl com-
pounds with a large unit cell such as Yb14MnSb11, Yb11GaSb9, Ca11GaSb9

and SrZnSb2 have also been reported to possess an intrinsically low lattice
thermal conductivity due to the high fraction of low-velocity optical phonon
modes[29].

• On the other hand, another approach would be to reduce the dimensions
of the materials. When any of the dimensions of a system decreases and
approaches a length scale comparable to the characteristic length of an
electron (e.g. mean free path, de Broglie wavelength) in the same direc-
tion, the density of states (DOS) is increased significantly due to quantum
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confinement[30], resulting in the enhancement of the Seebeck coefficient.
The thermal conductivity is also reduced because the surface strongly scat-
ters the propagation of phonons (boundary scattering), as the corresponding
dimension becomes less than the average free path of phonons. Bi2Te3-based
films prepared by pulsed laser deposition show κ values of 0.3-0.4 Wm−1K−1,
which are 25% lower than in the bulk[31]. It has also been reported that a
silicon nanowire with a diameter of 10-20 nm presents amazingly low ther-
mal conductivity with a κbulk/κnanowire ratio of as high as 25-150 near room
temperature[32].

• In the above context, recently monolayer and few-layer Ti3C2 MXene nan-
odots with lateral sizes below 10 nm and nanoribbons have been fabricated
in the laboratory.[33, 34] Nanoribbons terminated along different orienta-
tions usually exhibit unique electronic properties different from their 2D
counterparts and can be useful to design desired transport properties. Hence
we expect that the thermoelectric properties can be further improved by
reducing their dimension to the nanoribbon limit.

• As discussed in Chapter 7, the thermoelectric figure of merit (ZT) of ML
tellurene is found to be improved on the application of biaxial strain where
realistic estimates of strain are achieved from the construction of van der
Waal heterostructure of tellurene with other 2D materials like MoS2, MoSe2,
WS2, WSe2, Graphene. Thermoelectric properties of such heterostructure
may be different from that of ML. Unless the ML of tellurene can be used
selectively in the TE measurement, the TE properties of the bottom layer
constituting other 2D material will also contribute. Depending on the de-
vice geometry, the bottom layer may also undergo some amount of strain.
Also, other than the geometrical effect, namely strain, there can be chemi-
cal effects like the charge transfer between the component MLs, which may
influence the transport properties and thereby the TE properties of the het-
erojunctions. It is an intriguing issue whether thermoelectric properties can
be inherited when extended to the case of van der Waal heterostructures.
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