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Novel Transition Pathway Prediction
(with Prof. David Wales, Cambridge) 
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Understanding behind 
Solar Cells Efficiency, 
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Pressure Physics 
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Non-Linear Poisson Boltzmann 

Solver for electrochemical 
reaction mechanism

Ion-Migration 
Mechanism for 

Batteries and Hybrid 
Perovskites

Probing Solid-liquid 
interface for 

Heterogenous Catalysis
(HER, OER, NRR)
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Application in Energy & 
Quantum Materials
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Paradigm o Rashba 
Phenomena and its 

Repercussions à To Probe Spin 
Texture under Structural 
Compression in Emerging 

Perovskite Materials

Probing Catalytic Pathways & 
Dissociation Rates à To probe 

Rare Events for Efficient H2
production (2D Materials/Oxide 

surfaces)

Structural Transformation & 
Diffusion Mechanism in Battery 
Materials à To Engineer Crystal 

Structure during 
Charging/Discharging

Materials Modelling for Quantum Materials and Energy
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Broken Spin-inversion 
Symmetry in Non-
centrosymmetric 

structure, prevailed with 
Relativistic 

Spin-Orbit Coupling 
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Emerging Rashba Phenomena: Repercussion on Charge Carrier Recombination 
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Emerging Rashba Phenomena: Repercussion on Charge Carrier Recombination 
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Observation of Rashba Splitting in Hybrid Perovskites

7



Observation of Rashba Splitting in Hybrid Perovskites

We strive to answer: 
How and Why the Efficiency 

could be increased with 
enhanced Stability based on 

our electronic structure 
calculations
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Band structure of (a) FMPIB1, (b) FMPIB2, (e) FPI, (f) MPB. The projection of three spin
component (Sx, Sy, Sz) near CBM and VBM at the high symmetry point, Γ are represented for (c)
FMPIB1, (d) FMPIB2, (g)FPI and (h)MPB. Red and blue represents respectively projection of spin-
up and spin-down states as shown by color scale.

Unveiling Rashba Phenomena in Hybrid Halide Perovskite 

Optical Response of mixed cation-mixed halide Hybrid Perovskites

Crystal structure of (a) FPI, (b) FMPI, (c) FMPIB1, (d) MPB (e) FMPB (f) FMPIB2.
Violet, brown, black, pink, and sky-blue ball represents I, Br, C, H, N atoms
respectively. Gray polyhedral represent Pb-polyherda.
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Connecting Rashba Physics with Pressure Driven Tuning of Structural, Electronic 
and Optical Properties: Piezochromism
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Connecting Rashba Physics with Pressure Driven Tuning of Structural, Electronic 
and Optical Properties: Piezochromism

Systematic Tuning 
of Structural/ 

Electronic/Optical 
Properties

Excited State 
Dynamics

Thermodynamic 
Distribution of 
Lattice Defects 

Finite Shift of Optical 
Response Peak/ Band 

Gap Tuning

Access new structure, 
not possible through 

conventional syntheses

Composition 
Change in the 
Structural Unit

Functionalization 
with Foreign 

Elements

External Stimuli 
like Temperature

Lattice 
Compression/Hydr

ostatic Pressure

Hybrid Perovskites with Soft 
Lattices exhibits LARGE 

Pressure Response
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Pressure Driven Rashba Splitting in Inorganic Nitride Perovskite CeTaN3

(a)CeTaN3 orthorhombic phase with distortions (Pmn21); (b)First Brillouin zone of orthorhombic cell displaying high

symmetry k-points; Band structure (c) without SOC and (d) with SOC; (e)Zoom-in view of band edges: Conduction band

(left) and valence band (right), (f) Schematic showing Rashba Splitting (ER) and momentum offset (kR). 11



Pressure evolution of band structure and Rashba splitting of CeTaN3: (a, e) 2 GPa; (b, f) 4 GPa; (c, g) 6 GPa; (d, h) 8 GPa.

Ø Rashba splitting decreases with pressure in (e–f) (zoomed-in view)

Ø Spin splitting of valence and conduction bands disappears at 6 GPa and 8 GPa, respectively.

Pressure Driven Rashba Splitting in Inorganic Nitride Perovskite CeTaN3
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Spin textures of CeTaN3 around Γ point 

Ø Spin configuration at CBM (a, b) & VBM (c, d), left panel (outer), middle panel (inner branch) in ky-kz plane.

Ø The green arrows show the in-plane component, and colour bar designates the out-of-plane spin component.

Ø Constant energy contours in (e)–(g) show Sx, Sy and Sz spin components in conduction band at 0.25 eV.

Ø The colour scale in panels (e)–(g) shows up and down spin components.

Pressure Driven Rashba Splitting in Inorganic Nitride Perovskite CeTaN3
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Spin textures of CeTaN3 around Γ point 

Pressure Driven Rashba Splitting in Inorganic Nitride Perovskite CeTaN3
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Pressure Induced Rashba Evolution in 1D-Halide Perovskites (3AMP)BiI5
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Crossover between RashbaàRashba-DresselhausàPersistent Spin Texture (PST) in 
Quasi-2D Hybrid Perovskites
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Crossover between RashbaàRashba-DresselhausàPersistent Spin Texture (PST) in 
Quasi-2D Hybrid Perovskites
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Strain Induced Rashba Assisted Proton Reduction Tuning

Establishing Correlation between Rashba Splitting & Proton Reduction (Repercussion of 
Rashba on Hydrogen Evolution Reaction - HER)

A New Era is knocking….
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Strain Induced Rashba Assisted Proton Reduction Tuning: BiClS Janus Monolayer
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Implication of Rashba Phenomena in 2D Materials
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Strain Induced Rashba Assisted Proton Reduction Tuning: BiClS Janus Monolayer
Implication of Rashba Phenomena in 2D Materials
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Strain Induced Rashba Assisted Proton Reduction Tuning: BiClS Janus Monolayer
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Implication of Rashba Phenomena in 2D Materials



Strain Induced Rashba Assisted Proton Reduction Tuning: BiClS Janus Monolayer
Implication of Rashba Phenomena in 2D Materials
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Can we establish a correlation between Rashba Splitting Strength and 
Excitonic Lifetime??

Exciton EnergyTransition Dipole

Exciton Mass

Radiative Recombination Rate
of Specific Exciton State S
in isotropic bulk crystal 21



Excitonic Physics in Light-Matter Interactions 
(Treating Many Electrons with Many Body Perturbation Theory): GW & BSE
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Excitonic Physics in Light-Matter Interactions 
(Treating Many Electrons with Many Body Perturbation Theory): GW & BSE
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Crossover of Frenkel and Wannier-Mott Excitons through Halide 
Composition Tuning in Mixed Halide Perovskites

Square moduli of excitonic wavefunctions showing cross-over from Mott-Wannier type to Frenkel type of exciton

(a) and (b): Top and Side perspective of Cs3Bi2Br6I3
(d) and (e): Top and Side perspective of Cs3Bi2Cl6Br3. 
(c) and (f) represents the first bright exciton located in the band structure. 24



Towards Light Induced Superconductivity
Quantum Electrodynamical DFT (QEDFT) for Strong Light Matter Interaction 

Origin of new Hybrid States - Polariton!
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Towards Light Induced Superconductivity
Quantum Electrodynamical DFT (QEDFT) for Strong Light Matter Interaction 

Origin of new Hybrid States - Polariton!

Experimental Validation of 
Light Induced 

Superconductivity by Andrea 
Cavalleri, Director, Max 

Planck Hamburg, Germany
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Electron-Phonon Physics and the repercussion on Superconductivity

q Solve ME equations self-consistently:

Z k#, iω'( = 1 + πT
N/ω'(

0
12'2

ω'2
ω'23 + Δ3(k3, iω'2)

λ k#, k3, n# − n3 δ ε12

Z k#, iω'( Δ k#, iω'( = πT
N/

0
12'2

Δ k3, iω'2
ω'23 + Δ3(k3, iω'2)

× λ k#, k3, n# − n3 − N/V k# − k3 δ ε12

q Anisotropic Eliashberg spectral function and EPC strength are:
α3F k#, k3, ω = N/ ∑A gC',DEF (k, q) 3 δ(ω − ω1( H 12 ,D) and λ k#, k3, n# − n3 = ∫J

∝ dω 3M
(MN( HMN2)2 O M2 α3F(k#, k3, ω)

q Solve Z and Δ along imaginary energy axis for each Matsubara frequency → solve it along real energy axis via analytic continuation → obtain quasiparticle
energy from poles of the normal Green’s function

G k, ω = M R 1,M O ST
[M R(1,M)]2 H ST2 H[R 1,M ∆(1,M)]2 and E1

3 = ST
R(1,FT)

3
+ ∆3(k, E1)

q Have taken retardation into account, Captures anisotropic superconductivity, Neglect non-adiabatic effects (Migdal theorem)

Phonon-mediated Superconductivity

q Attractive electron - electron
interaction mediated by phonon
→ Cooper pairs

q TY can be calculated from:

TY = 1.14 θ] exp − 1
N 0 V

q Does not account for the
retardation of the el-ph
interaction, Fails to explain
anisotropic superconductivity
etc.

BCS theory Allen-Dynes modified McMillan formula 

Migdal-Eliashberg Formalism

q TY can be calculated from:
TY =

Mbcd
#.3J exp

H#.Je (#O f)
f H gh∗ (#O J.j3 f)

q Isotropic Elaishberg spectral functions and EPC strength are:
α3F ω = #

kl
∑'CA ∫ m1

nop
mq
nop

gC'D(k, q) 3 × δ ω − ωqD × δ(
)

ε'1 −
ε/ × δ(εC1Oq − ε/)

and λ = 2 ∫ s
2/(M)
M dω

q Needs dense k- and q- meshes to converge λ, Fails for multiband
and/or anisotropic Superconductivity
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q What happens if we apply external hydrostatic pressure?

q A topological change of the Fermi surface → Lifshitz transition occurring at 76.69 GPa

q Decrease in DOS at FL, peak of the nesting function and increase in phonon frequency →
Reduction of λ and T$ with pressure up to 59.71 GPa

q Lifshitz transition induced enhanced nesting → sudden increase of λ and T$ at 76.69 GPa

High Pressure Driven Fermi Surface Evolution & Lifshitz Transition 
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Electron-Phonon Physics and the repercussion on Superconductivity



q Four bands at the Fermi level → d-orbital characteristics

q Phonon modes from acoustic and optical branch along Γ → X → M → Γ contribute in superconductivity

qSingle gap anisotropic phonon mediated superconductor having λ = 0.88, T+,-./0 = 19.30 K
27

Other Thrust Area: Electron-Phonon Physics and the repercussion on Superconductivity



Towards Light Induced Superconductivity
Quantum Electrodynamical DFT (QEDFT) for Strong Light Matter Interaction 
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In-house Code Development for Non-linear Poisson Boltzmann Solver

Development of Standalone Poisson-Boltzmann Solver



In-house Code Development relevant to Energy Materials
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Electronic Structure Codes (Density Functional Theory Formalism based codes)

GPAW - Grid-based projector Augmented Wave (Real Space DFT)

q X-ray Absorption (XAS), Emission (XES), EELS

q TDDFT based Dielectric Response, More Accurate Egap

q Implementing Poisson Boltzmann Solver 

VASP - Vienna Ab-initio Simulation Package (Fourier-space DFT)

q Accurate Structure Relaxation with Spin-orbit Coupling (SOC) and (vdW) dispersion.

q Density of States and Optical Response with GGA+U, HSE06 (Hybrid) Functional

qFree Energy based Reaction Coordinate of Catalytic Reactions (HER/OER/ORR)

Phonopy (Phonon Dispersions)

q Dynamical Stability based on Phonon Dispersion

q Thermal Properties (Heat Capacity, Free Energy, Thermal Expansion)

q Bulk Modulus (Bo) and Elastic Moduli

Development of Standalone Poisson-Boltzmann Solver



Excitonic Physics in Light-Matter Interactions 
(Treating Many Electrons with Many Body Perturbation Theory): GW & BSE



Exciton Fine Structures

Excitonic Physics in Light-Matter Interactions 
(Treating Many Electrons with Many Body Perturbation Theory): GW & BSE

23



Can we establish a correlation between Rashba Splitting Strength and 
Excitonic Lifetime??


