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Why Density Functional Theory ?

 The calculation of physical and chemical properties of multi- particle systems (atoms, 
molecules or solids) require the
exact determination of electronic structure and total energy of these systems.
 Schrödinger equation successfully explains the electronic structure of simple systems 
and numerically exact solutions are found for small no. of atoms and molecules.
 This n-electron problem was solved when Kohn and Sham in 1965 formulated a theory 
concerning 3-dimensional electron density and energy functionals.
Electron density n(r) plays central role instead of wave function ψ(r).  The problem 
of many-interacting particles system in static potential is reduced to non-interacting 
single particle system in an effective potential.
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Outline

 The Born-Oppenheimenr approximation
 Hartree-Fock method
 Thomas-Fermi model
 Hohenberg-Kohn Theorems
 Kohn-Sham equations
 Results and summary
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Many body problem:
 For large interacting system, we first need to consider a many particle wave 
function.
 Many body Hamiltonian for electron and nucleus is of the form given below

Hѱ (r,R,t) =E ѱ (r,R,t) Innocent look of wave equation

1926
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1. Born-Oppenheimer approximation:

Since the total Hamiltonian for electron and nucleus is:

then the hamiltonian for the electronic part will be

1927
Max Born and Robert 
Oppenheimer

 The nuclei are much heavier than electrons.
 They move much more slowly and hence neglect the nuclear 
kinetic energy.
 The wave function separated into electronic and nuclear part 
and determine motion of electrons with nuclei held fixed.

H = 

=
 

 

Ψ=ѱχ
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2. Hartree approximation: One electron model

 Reduce the complexity of electron-electron interactions. 
 Electrons are independent and interacts with others in an averaged way.
 For an n-electron system, each electron does not recognize other as single entities but 
as a mean field.
 Hence, n-electron system becomes a set of non-interacting one-electron system where 
each electron moves in the average density of rest electrons.

Hartree 1928
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Hartree method produced crude estimation of energy due to two 
oversimplifications:
. Hartree method does not follow two basic principles of quantum 
mechanics: the antisymmetry principle and Pauli’s exclusion principle.
 Does not count the exchange and correlation energies coming from n-
electron nature

The Hartree method, therefore, was soon refined into the Hartree-Fock method…...continue…
Hartree

3. Hartree-Fock method
Based on the one-electron and mean-field approach by Hartree, V.A. Fock enhanced the 
methods to higher perfection. Fock and J.C. Slater in 1930 generalised the Hartree's theory to 
take into account the antisymmetry requirement. 
 In HF method, the n-electron wave function approximated as a linear combination of non-
interacting one-electron wave function in the form of Slater determinant.

Slater determinant
Fock
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Coulomb (Direct) Term Exchange Term
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Difficulties with Hartree-Fock Theory:  Correlation energy and
 Problem of dealing 3N dimensional .
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In LDA approximation
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The extension of Thomas- Fermi Model 
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A new approach has been developed known as Density Functional Theory (DFT). 

 In 1964 Hohenberg and Kohn showed that schrodinger equation (3N dimensional e.g. 10 
electrons require 30 dimensions) could be reformulated in terms of electron density n(r) 
with non-interacting n separate 3-dimensional ones.
 The main objective of DFT is to replace the many-particle electronic wavefunction with 
the electron density as the basic quantity.
 The electron density n(r), the central player in DFT decides everything in an n-electron 
quantum state where there is no individual electron density but a 3-dimensional density of 
electrons.
 The addition of all the electron densities over the whole space naturally return to the total 
number of electrons in the system.
 The knowledge of overlapping of atomic electron density, roughly generate the electron 
density of the solids.
 This theory gives approximate solutions to both Exchange and Correlation Energies.
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The Fundamental Pillars of DFT
First Hohenberg Kohn (HK) theorem: The ground-state energy 
is a unique functional of the electron density n(r).

 This theorem provides one to one mapping between ground 
state wave function and ground state charge density.
 The ground state charge density can uniquely describe all 
the ground state properties of system.
 The fundamental concept behind density functional theory 
is that charge density (3-Dimensional) can correctly describe 
the ground state of N-particle instead of using a wave 
function (3N-Dimensional).

Second Hohenberg Kohn (HK) theorem: The electron density that minimizes the 
energy of the overall functional is the true electron density.

 If the true functional form of energy in terms of density gets known, then 
one could vary the electron density until the energy from the functional is 
minimized, giving us required ground state density.
 This is essentially a variational principle and is used in practice with 
approximate forms of the functional.
 The simplest possible choice of a functional can be a constant electron 
density all over the space.6/10/2026
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We do not know!
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DFT extensions and limitations
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LDA, GGA, meta-GGA, hybrid: 
practical picture

• LDA uses only the local density and works best when the density varies slowly.
• GGA, especially PBE, adds density gradients and is the usual starting point for 

solids and materials calculations.
• meta-GGA includes additional semilocal information and can improve equilibrium 

properties and energetics.
• Hybrid functionals mix in exact exchange and often improve band gaps, but at 

much higher computational cost.
• DFT+U is often introduced when localized d or f electrons are not described well 

by semilocal functionals.

Summary

6/10/2026
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How to choose the exchange-correlation functional?

• Match the functional to the physical question, not to a general idea of 'best 
possible accuracy'.
• For geometry optimization and qualitative trends, GGA/PBE is often sufficient and 

computationally efficient.
• For band gaps, defect levels, and localized states in oxides, hybrids or beyond-DFT 

methods are often needed.
• Every result should therefore be interpreted together with the limitations of the 

chosen functional.
• In that sense, semilocal DFT should be viewed as a reliable baseline, not as a 

universally exact description.
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Motivation

• Ultra-wide bandgap oxides for power electronics
• Ga₂O₃ as active electronic component
• Role of Al₂O₃ host environment
• Need for atomistic electronic structure insight

Electronic structure of the band edge formed by Ga doping in the α-Al2O3 
unit cell

6/10/2026
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From Materialsproject website
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Computational Model

• Ga atoms embedded in Al₂O₃-derived supercell
• Periodic boundary conditions
• Chemically embedded Ga-rich region
• Not a vacuum-isolated nanocrystal
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DFT Methodology

• Quantum ESPRESSO v7.4.1
• PBE exchange–correlation functional
• Plane-wave basis and PAW pseudopotentials
• SCF → NSCF → DOS / PDOS → charge density
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Config
Initial

Ga–Ga (Å)
Relaxed

Ga–Ga (Å)
Final relax energy

(Ry)
ΔE vs B

(meV/cell)
Final total force

(Ry/Bohr)

Max atomic 
force

(Ry/Bohr)

Final pressure
(kbar)

A 3.2552 3.2397 -1704.41622669 114.94 0.000280 8.83×10⁻⁵ 58.66
B 2.6815 2.7918 -1704.42467465 0.00 0.000202 6.27×10⁻⁵ 56.90
C 6.6785 6.5862 -1704.42331023 18.56 0.000234 8.29×10⁻⁵ 57.09

Config
Ga site
indices

Average
Ga–O (Å)

Min
Ga–O (Å)

Max
Ga–O (Å)

Host reference
average Al–O (Å)

Average expansion
vs host (Å)

A 1, 2 1.9811 1.9007 2.0615 1.9340 +0.0471

B 2, 9 1.9956 1.9239 2.0673 1.9340 +0.0616

C 2, 5 1.9930 1.9193 2.0668 1.9340 +0.0590

System Ga site indices D σ (Å) λ σ2
θ (deg)

Host ref. same sites 0.0299 0.0578 1.000894 98.882

A 1,2 0.0406 0.0804 1.001649 126.953

B 2,9 0.0359 0.0717 1.001291 116.836

C 2,5 0.0370 0.0737 1.001368 141.310
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Histogram of the Structural parameters
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SeeK-path: the k-path finder and 
visualizer
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Pristine 2 3Al O  2Ga doped Config B

Comparative Band Structure Analysis
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Total and Projected Density of States
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Site-Resolved Local PDOS Comparison
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Charge-density-difference isosurfaces for configuration B, defined as Δρ = ρ(B) − ρ(host). 

The charge-density-difference map shows that the electronic response to Ga 
substitution is strongly localized in the vicinity of the substituted Ga pair and 
the surrounding oxygen coordination environment. 
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Electronic Structure Analysis

• Valence band dominated by O-2p states
• Strong O-p peak deep in valence region
• Conduction band formed by Ga-p and O-p antibonding states
• Weak Al contribution near band edges

6/10/2026
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Model Limitations

• No explicit vacuum confinement
• Chemical rather than spatial quantum dot
• PBE underestimates band gap
• Finite supercell effects
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Conclusions and Outlook

• Clear identification of band-edge character
• Ga–O network controls electronic structure
• Results guide realistic quantum-dot modeling
• Future work: explicit nanoclusters, hybrids, optics
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Back slides
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