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Professional Certificate in Density Functional Theory Calculations

Principles Of Quantum Mechanics

Adiabatic Approximation — assumes that electronic motion adapts instantly to changes in nuclear positions;
separates electronic and nuclear degrees of freedom. Related terms: Born-Oppenheimer, potential energy
surface. Example: calculating vibrational spectra while keeping electronic structure fixed. Challenge: breaks
down for conical intersections where electronic states couple strongly.

Antisymmetrization — process of constructing a many-electron wavefunction that changes sign upon
exchange of any two electrons, ensuring compliance with the Pauli principle. Related terms: Slater
determinant, fermions. Practical use: building trial wavefunctions for quantum Monte Carlo. Difficulty:
maintaining antisymmetry in large basis sets without numerical instability.

Atomic Units — a system where fundamental constants (h, e, m,, 41te) are set to 1, simplifying equations in
quantum chemistry. Related terms: Hartree, Rydberg. Example: energy of the hydrogen atom becomes —
0.5a.u. Challenge: converting results to SI units for experimental comparison.

Born-Oppenheimer Approximation — decouples electronic and nuclear motion by exploiting the large mass
difference; leads to separate Schrodinger equations for electrons and nuclei. Related terms: adiabatic
approximation, potential energy surface. Application: most DFT calculations of molecules. Limitation: fails
for non-adiabatic processes such as charge transfer.

Brillouin Zone — the primitive cell in reciprocal space of a periodic crystal; contains all distinct k-points for
band structure calculations. Related terms: reciprocal lattice, k-point sampling. Example: sampling the
Brillouin zone with a Monkhorst-Pack grid in plane-wave DFT. Challenge: ensuring convergence for metallic
systems with dense k-meshes.

Canonical Ensemble — statistical ensemble where the system exchanges energy with a heat bath at fixed
temperature T; described by the partition function Z. Related terms: Boltzmann factor, free energy. Use in
quantum Monte Carlo to compute thermodynamic averages. Difficulty: sampling rare high-energy
configurations efficiently.

Charge Density — the spatial distribution p(r) of electronic charge obtained from the many-electron
wavefunction; central variable in density functional theory. Related terms: electron density, Kohn-Sham
orbitals. Example: visualizing p(r) to identify bonding regions. Challenge: accurate reconstruction of p(r)
from approximate functionals.

Coherent State — a specific quantum state that most closely resembles classical behavior, often used for
harmonic oscillators; eigenstate of the annihilation operator. Related terms: Glauber state, minimum
uncertainty. Application: semiclassical approximations in vibrational spectroscopy. Limitation: not an
eigenstate of the Hamiltonian for anharmonic potentials.

Correlation Energy — the difference between the exact non-relativistic ground-state energy and the
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Hartree-Fock energy; arises from electron-electron interactions beyond mean-field. Related terms: exchange
energy, post-HF methods. Example: MP2 captures a portion of correlation energy. Challenge: correlation is
difficult to approximate within simple DFT functionals.

Density Functional — a functional that maps the electron density p(r) to an energy; the cornerstone of DFT.
Related terms: exchange-correlation functional, Kohn-Sham scheme. Example: the Local Density
Approximation (LDA) expresses energy as an integral over p(r). Difficulty: constructing universal functionals
that work for diverse systems.

Density Matrix — operator y(r,r') describing probability amplitudes for electrons to be at positions r and r’;
contains both diagonal (density) and off-diagonal (coherence) information. Related terms: one-particle
reduced density matrix, natural orbitals. Application: reduced-density-matrix functional theory. Challenge:
ensuring N-representability constraints.

Density of States (DOS) — number of electronic states per energy interval; provides insight into band
structure and electronic properties. Related terms: partial DOS, Van Hove singularities. Example: calculating
DOS to identify metallic vs. insulating behavior. Challenge: smoothing discrete eigenvalues from finite
supercells.

Dirac Notation — bra-ket formalism (| and |¢p) used to represent states and operators compactly. Related
terms: inner product, outer product. Example: (¢|H|y) denotes expectation value of Hamiltonian. Difficulty:
translating notation into matrix elements for numerical implementation.

Dispersion Interactions — long-range attractive forces arising from correlated fluctuations of electron density
(vanderWaals forces). Related terms: London dispersion, DFT-D corrections. Practical use: adding Grimme's
D3 correction to improve binding energies of weakly bound complexes. Challenge: capturing dispersion
accurately without empirical parameters.

Double-Counting Problem — arises when electron-electron interactions are included both in the
exchange-correlation functional and explicitly (e.g., in DFT+U); leads to overestimation of interaction
energy. Related terms: DFT+U, hybrid functionals. Solution: subtracting a carefully calibrated term. Difficulty:
choosing appropriate correction for each material.

Eigenvalue Problem — solving Hy = Ey for the Hamiltonian operator; yields energy eigenvalues and
eigenfunctions. Related terms: secular equation, diagonalization. Example: Kohn-Sham equations are an
eigenvalue problem for effective single-particle Hamiltonian. Challenge: scaling diagonalization to large
systems (N* cost).

Exchange Energy — component of the total electronic energy arising from antisymmetry of the
wavefunction; exact in Hartree-Fock, approximated in DFT. Related terms: exchange-correlation functional,
self-interaction error. Example: exact exchange reduces delocalization error. Challenge: computational cost
of hybrid functionals in plane-wave codes.

Fermi-Dirac Distribution — statistical occupation function f(e) = 1/(exp[(e-p)/kT] + 1) for electrons at
temperature T; governs electronic occupations in metals. Related terms: chemical potential, smearing.
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Application: finite-temperature DFT to improve SCF convergence. Challenge: choosing smearing width that
does not distort total energy.

Fermi Level — energy p at which the probability of occupation is /2 at absolute zero; separates occupied
from unoccupied states in a metal. Related terms: band filling, work function. Example: aligning calculated
band structures with experimental photoemission data. Difficulty: accurately locating p in systems with
narrow band gaps.

Fourier Transform — mathematical operation converting functions between real space and reciprocal space;
essential for plane-wave basis sets. Related terms: reciprocal lattice, FFT. Example: evaluating kinetic energy
operator efficiently via FFTs. Challenge: handling aliasing and grid fineness for high-accuracy calculations.

Friedel Oscillations — spatial oscillations in electron density around impurities due to scattering of
conduction electrons; decay as 1/r® in three dimensions. Related terms: screening, RKKY interaction.
Application: interpreting charge density perturbations in metallic surfaces. Challenge: capturing oscillations
requires fine real-space grids.

Gauge Invariance — property that physical observables are unchanged under local phase transformations of
the wavefunction; crucial for magnetic field calculations. Related terms: vector potential, Peierls substitution.
Example: implementing magnetic fields in periodic DFT via gauge-including projector augmented waves
(GIPAW). Difficulty: maintaining numerical stability with complex phases.

Generalized Gradient Approximation (GGA) — class of exchange-correlation functionals that depend on both
density and its gradient; improves upon LDA for inhomogeneous systems. Related terms: PBE, BLYP.
Example: using PBE to predict lattice constants of transition-metal oxides. Challenge: GGA sometimes
over-delocalizes electrons, leading to band-gap underestimation.

Hartree Potential — classical electrostatic potential generated by the electron density; part of the Kohn-Sham
effective potential. Related terms: Poisson equation, self-consistent field. Application: solving Poisson’s
equation on a grid to obtain V_H(r). Challenge: handling long-range Coulomb interactions in
low-dimensional systems.

Hartree-Fock Method — wavefunction-based approach that approximates the many-electron problem with a
single Slater determinant, incorporating exact exchange but neglecting correlation. Related terms:
self-consistent field, Koopmans' theorem. Example: using HF as a reference for MP2 calculations. Limitation:
poor description of dispersion and static correlation.

Hybrid Functional — exchange-correlation functional that mixes a fraction of exact Hartree—Fock exchange
with a DFT exchange component; aims to reduce self-interaction error. Related terms: B3LYP, HSEO6.
Example: applying HSEO6 to predict band gaps of semiconductors. Challenge: increased computational cost,
especially for large periodic cells.

Imaginary Time Propagation — technique where the Schrédinger equation is evolved in imaginary time t =
it, leading to exponential decay of excited states and convergence to the ground state. Related terms:
diffusion Monte Carlo, projector method. Application: obtaining ground-state wavefunctions without
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diagonalization. Difficulty: controlling time-step errors and stochastic noise.

Inversion Symmetry — spatial symmetry where the system is unchanged under r — —r; simplifies band
structure calculations by reducing k-point requirements. Related terms: centrosymmetric, parity. Example:
exploiting inversion symmetry in cubic crystals to halve Brillouin-zone sampling. Challenge: many real
materials lack this symmetry, requiring full k-mesh.

Jellium Model - idealized system of uniformly distributed positive charge neutralized by electrons; used to
study metallic behavior and surface energies. Related terms: electron gas, Wigner-Seitz radius. Application:
benchmarking exchange-correlation functionals against homogeneous electron gas data. Limitation:
neglects atomic structure and lattice effects.

Kohn-Sham Equations — set of self-consistent single-particle equations derived from DFT that reproduce the
exact ground-state density using an auxiliary non-interacting system. Related terms: effective potential,
orbital-dependent functionals. Example: solving Kohn-Sham equations with plane-wave basis to obtain
band structure. Challenge: convergence of SCF cycles for strongly correlated materials.

Local Density Approximation (LDA) — exchange-correlation functional that assumes the energy density at
each point depends only on the local electron density, derived from the homogeneous electron gas. Related
terms: Perdew-Zunger, Wigner parametrization. Example: LDA often yields accurate lattice constants for
simple metals. Challenge: systematic underestimation of band gaps and over-binding in molecules.

Long-Range Corrected Functional — hybrid functional where the fraction of exact exchange varies with
interelectronic distance, improving description of charge-transfer excitations. Related terms: CAM-B3LYP,
LC-wPBE. Application: TD-DFT calculations of donor-acceptor complexes. Difficulty: selecting
range-separation parameter w for each system.

Many-Body Perturbation Theory (MBPT) — framework that treats electron correlation as a perturbation to a
reference system, leading to methods such as GW and Bethe-Salpeter equation. Related terms: self-energy,
quasiparticle. Example: computing quasiparticle band gaps with GW. Challenge: high computational cost
and need for careful convergence checks.

Matrix Product State (MPS) — tensor network representation of many-body wavefunctions, forming the basis
of the density-matrix renormalization group (DMRG) algorithm. Related terms: entanglement entropy,
DMRG. Application: accurate treatment of strong correlation in elongated molecules. Challenge: scaling to
three-dimensional systems and large active spaces.

Mean-Field Approximation — replaces many-body interactions with an average field experienced by each
particle; foundation of Hartree, Hartree—Fock, and Kohn-Sham DFT. Related terms: self-consistent field,
effective potential. Example: SCF iteration updates the mean field until convergence. Limitation: cannot
capture dynamic correlation without additional corrections.

Metropolis Algorithm — Monte Carlo sampling technique that accepts or rejects trial moves based on
Boltzmann probability, ensuring detailed balance. Related terms: importance sampling, Markov chain.
Application: path-integral Monte Carlo for finite-temperature quantum systems. Challenge: efficient
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sampling in high-dimensional configuration spaces.

Minimum Image Convention — rule used in periodic boundary conditions to compute distances by selecting
the nearest image of a particle; reduces computational effort. Related terms: cutoff radius, Ewald
summation. Example: evaluating pairwise forces in molecular dynamics. Limitation: valid only when
interaction range is less than half the box length.

Mixed-Basis Set — combination of plane-waves and localized atomic orbitals to balance accuracy and
efficiency in DFT calculations. Related terms: PAW, Gaussian basis. Example: using plane-waves for
delocalized states and atomic orbitals for core regions. Challenge: avoiding basis-set superposition error
and ensuring smooth convergence.

Momentum Operator — quantum operator —ihV acting on wavefunctions; its eigenfunctions are plane
waves. Related terms: kinetic energy, commutation relations. Example: kinetic energy term in Kohn-Sham
Hamiltonian expressed as -2 V2. Difficulty: handling non-local pseudopotentials that modify momentum
representation.

Monte Carlo Integration — stochastic technique for evaluating high-dimensional integrals by random
sampling; widely used in quantum Monte Carlo. Related terms: variance reduction, importance sampling.
Application: estimating expectation values of observables in many-body wavefunctions. Challenge:
statistical error scales as 1/VN, requiring many samples for high precision.

Multipole Expansion — series representation of a potential field in terms of monopole, dipole, quadrupole,
etc., useful for long-range electrostatics. Related terms: Ewald summation, spherical harmonics. Example:
computing electrostatic energy of a molecule by truncating after quadrupole term. Limitation: convergence
slows for highly anisotropic charge distributions.

Non-Collinear Magnetism — magnetic ordering where spin directions vary in space, requiring spinor
wavefunctions rather than simple up/down components. Related terms: spin-orbit coupling, magnetic
anisotropy. Application: modeling spin-spirals in transition-metal alloys. Challenge: increased computational
cost due to complex algebra.

Normalized Wavefunction — wavefunction  satisfying [|y(r)|?dr = 1; ensures probabilistic interpretation.
Related terms: probability density, inner product. Example: renormalizing trial wavefunction in variational
Monte Carlo. Difficulty: numerical integration errors can lead to slight deviations from unity.

Operator Ordering — ambiguity in quantum mechanics when translating classical expressions involving
products of non-commuting operators; leads to different Hamiltonians. Related terms: symmetrization, Weyl
ordering. Example: kinetic energy operator in curvilinear coordinates requires careful ordering. Challenge:
ensuring Hermiticity and physical correctness.

Orbital Localization — transformation of delocalized canonical orbitals into localized functions (e.g., Boys or
Pipek—-Mezey) to aid chemical interpretation. Related terms: Wannier functions, bonding analysis.
Application: constructing tight-binding models from DFT band structures. Difficulty: achieving convergence
for large periodic systems.
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Pauli Exclusion Principle — fundamental rule that no two fermions can occupy the same quantum state;
enforced by antisymmetrization of wavefunctions. Related terms: spin, fermion. Example: building Slater
determinants for multi-electron systems. Consequence: determines electronic shell structure and periodic
table.

Particle-Hole Transformation — mapping that treats occupied states as “holes” and unoccupied states as
“particles,” simplifying many-body diagrammatics. Related terms: Green's function, excitation spectrum.
Example: GW self-energy expressed in terms of particle and hole contributions. Challenge: handling
divergences near the Fermi level.

Phase Factor — complex exponential e”{iB} that multiplies a wavefunction without altering physical
observables; reflects gauge freedom. Related terms: global phase, Berry phase. Example: implementing
twist-averaged boundary conditions by adding a phase to Bloch functions. Difficulty: tracking phase
continuity across k-points.

Plane-Wave Basis — set of functions e {iG-r} with reciprocal vectors G; natural for periodic systems and
enables efficient FFT algorithms. Related terms: cutoff energy, pseudopotential. Example: expanding
Kohn-Sham orbitals in a plane-wave basis up to 500eV. Limitation: poor description of core electrons
without pseudopotentials.

Polarization Function — response function x(g,w) describing how electron density reacts to external
perturbations; central in RPA and GW methods. Related terms: dielectric function, screening. Application:
calculating screened Coulomb interaction W in GW. Challenge: numerical evaluation of frequency
dependence.

Projected Density of States (PDOS) — DOS decomposed onto atomic or orbital contributions, revealing
element-specific electronic character. Related terms: local DOS, Mulliken analysis. Example: PDOS showing
d-band contribution to catalytic activity. Difficulty: choosing appropriate projection spheres to avoid
overlap.

Quantum Monte Carlo (QMC) — family of stochastic methods (VMC, DMC, RMC) that directly sample
many-body wavefunctions to obtain ground-state energies with high accuracy. Related terms: trial
wavefunction, fixed-node approximation. Application: benchmark calculations for small molecules.
Challenge: scaling with system size and managing the fermion sign problem.

Quasiparticle — emergent particle-like excitation that incorporates many-body interactions, characterized by
an energy renormalized from the bare electron. Related terms: self-energy, GW approximation. Example:
quasiparticle band gap of Si obtained from GW differs from Kohn-Sham gap. Difficulty: defining lifetime and
broadening in complex materials.

Random Phase Approximation (RPA) — many-body method that sums a subset of diagrams to capture
long-range correlation and van der Waals forces. Related terms: correlation energy, adiabatic connection.
Application: RPA total energies for weakly bound complexes. Challenge: computational expense and
sensitivity to input orbitals.
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Reciprocal Lattice — lattice defined by vectors G that satisfy e {iG-R}=1 for all direct lattice vectors R; basis
for Brillouin-zone construction. Related terms: Miller indices, diffraction condition. Example: generating
G-vectors up to a kinetic energy cutoff. Limitation: dense reciprocal lattices increase computational load.

Reduced Density Matrix — trace of the full many-body density operator over all but a subset of particles,
yielding a lower-order description. Related terms: one-particle density matrix, N-representability.
Application: natural orbital analysis to identify strongly correlated electrons. Challenge: ensuring physicality
of approximate reduced matrices.

Renormalization Group — systematic method for integrating out high-energy degrees of freedom to obtain
effective low-energy theories. Related terms: scaling, flow equations. Example: using functional
renormalization group to study superconductivity in Hubbard models. Difficulty: selecting appropriate
truncation schemes.

Response Function — linear susceptibility describing how a system reacts to external fields; includes
polarizability, magnetic susceptibility, etc. Related terms: Kubo formula, Green'’s function. Application:
computing dielectric constant from DFT perturbation theory. Challenge: evaluating frequency-dependent
response accurately.

Self-Interaction Error (SIE) — spurious interaction of an electron with its own charge density in approximate
DFT functionals, leading to delocalization errors. Related terms: Perdew-Zunger correction, hybrid
functionals. Example: SIE causes underestimation of band gaps in LDA. Mitigation: using range-separated
hybrids or DFT+U.

Self-Consistent Field (SCF) — iterative process to achieve convergence of electron density (or wavefunction)
such that the input and output potentials match. Related terms: Pulay mixing, convergence criteria. Example:
SCF cycles in plane-wave DFT typically converge within 20-30 iterations. Challenge: charge sloshing in
metallic systems can stall convergence.

Spin-Orbit Coupling (SOC) — relativistic interaction between an electron’s spin and its orbital motion;
essential for heavy elements and topological materials. Related terms: non-collinear magnetism, relativistic
pseudopotential. Application: SOC splits degenerate bands in Bi,Ses, leading to surface states. Difficulty:
increased Hamiltonian size due to spinor components.

Spinor Wavefunction — two-component object (7,1) that describes the spin state of an electron when SOC or
non-collinear magnetism is present. Related terms: Pauli matrices, Dirac equation. Example: solving
Kohn-Sham equations with spinor basis for magnetic alloys. Challenge: handling complex algebra and
ensuring time-reversal symmetry.

Spherical Harmonics — set of angular functions Y_{l}*{m}(8,) that form a complete basis on the sphere;
used for expanding atomic orbitals and potentials. Related terms: angular momentum quantum numbers,
Legendre polynomials. Example: representing the angular part of a d-orbital. Limitation: high-I functions
increase computational cost.

Supercell Approach — modeling a periodic system using an enlarged cell to accommodate defects, surfaces,
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or low-dimensional structures. Related terms: slab model, vacuum spacing. Example: creating a 3x3x1
supercell to study vacancy formation in graphene. Challenge: finite-size effects and increased k-point
sampling requirements.

Symmetry Adapted Basis — basis functions that transform according to irreducible representations of the
system’s point group, reducing computational effort. Related terms: character table, degeneracy lifting.
Example: using symmetry-adapted plane waves to halve the number of G-vectors. Difficulty: constructing
such bases for low-symmetry crystals.

Time-Dependent DFT (TD-DFT) — extension of DFT to excited states by propagating the electron density in
time or solving linear response equations. Related terms: Casida equations, adiabatic approximation.
Application: predicting UV-vis absorption spectra of organic dyes. Challenge: standard adiabatic kernels fail
for charge-transfer excitations.

Totally Antisymmetric Wavefunction — many-electron wavefunction that changes sign under any particle
exchange; ensures compliance with fermionic statistics. Related terms: Slater determinant, Pfaffian. Example:
constructing a determinant of Kohn-Sham orbitals for DMC. Challenge: maintaining antisymmetry when
modifying trial wavefunctions.

Variational Principle — theorem stating that the expectation value of the Hamiltonian with any trial
wavefunction provides an upper bound to the true ground-state energy. Related terms: Rayleigh-Ritz, trial
wavefunction. Example: optimizing Jastrow parameters to lower VMC energy. Difficulty: choosing flexible yet
computationally tractable trial forms.

Wannier Functions — localized orbitals obtained by unitary transformation of Bloch states; useful for
constructing tight-binding models and analyzing bonding. Related terms: maximally localized Wannier
functions (MLWF), interpolation. Example: generating MLWFs for the valence band of silicon to compute
electron transport. Challenge: disentangling overlapping bands in metals.

Wavefunction Collapse — post-measurement update of the quantum state to an eigenstate of the observed
operator; central concept in quantum measurement theory. Related terms: projective measurement,
decoherence. Example: in quantum Monte Carlo, sampling configurations corresponds to repeated
“collapses” to specific electron positions. Difficulty: reconciling collapse with unitary evolution in
simulations.

Zero-Point Energy (ZPE) — lowest possible vibrational energy of a quantum system, arising from Heisenberg
uncertainty; important for thermodynamic corrections. Related terms: vibrational frequencies, harmonic
approximation. Example: adding ZPE to DFT total energies to compare reaction energetics with experiment.
Challenge: accurate ZPE requires reliable vibrational analysis, which can be computationally demanding.
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