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Certificate in Quantum Espresso And VASP Theory

Materials Science Applications

ABINIT — concept: An open-source software suite for calculating the electronic structure of materials using
density-functional theory (DFT). Related terms: plane-wave basis, pseudopotential. Explanation: ABINIT
solves the Kohn-Sham equations on a periodic lattice, allowing users to compute band structures, total
energies, and phonon spectra. Practical application: Predicting band gaps of novel semiconductors before
synthesis. Challenge: Achieving convergence for complex oxides often requires fine k-point meshes and
careful selection of exchange-correlation functionals, which can increase computational cost significantly.

Acoustic phonon — concept: A low-frequency vibrational mode in which atoms in a crystal move in phase,
resembling sound waves propagating through the lattice. Related terms: phonon dispersion, group velocity.
Explanation: Acoustic phonons dominate thermal conductivity in insulators because they carry heat
efficiently. In Quantum Espresso, acoustic branches are obtained from density-functional perturbation
theory (DFPT). Example: Calculating the speed of sound in silicon by fitting the linear portion of the acoustic
branch near the I point. Challenge: Accurately capturing long-range interactions in low-symmetry materials
may require dense g-point sampling.

Adsorption energy — concept: The energy change when a molecule or atom adheres to a surface, defined as
the difference between the total energy of the combined system and the sum of the isolated components.
Related terms: surface slab, binding energy. Explanation: In VASP, adsorption energy is computed by
relaxing both the clean surface and the adsorbate-covered surface, then applying the formula E_ads =
E_total — (E_surface + E_molecule). Practical use: Screening catalysts for CO, reduction by comparing
adsorption strengths of intermediates. Challenge: Accounting for vander Waals interactions and possible
charge transfer effects demands appropriate dispersion corrections and careful convergence testing.

All-electron calculation — concept: A computational approach that treats all electrons explicitly, without
replacing core electrons by pseudopotentials. Related terms: linearized augmented plane wave,
full-potential. Explanation: All-electron methods, such as the WIEN2k implementation of the LAPW
technique, provide highly accurate results for heavy elements where relativistic effects are important.
Example: Calculating hyperfine parameters for transition-metal complexes where core-level contributions
are non-negligible. Challenge: The computational expense scales steeply with system size, limiting routine
use to small unit cells or high-symmetry crystals.

Band structure — concept: The relationship between electron energy and crystal momentum (k-vector) that
describes allowed and forbidden energy ranges in a periodic solid. Related terms: Brillouin zone, electronic
dispersion. Explanation: Both Quantum Espresso and VASP generate band structures by solving the
Kohn-Sham equations on a predefined k-path. Practically, band structures are used to identify metallic,
semiconducting, or insulating behavior, and to locate direct versus indirect band gaps. Example: Visualizing
the valence-band maximum and conduction-band minimum of GaAs along high-symmetry points.
Challenge: The choice of exchange-correlation functional can shift band energies, and many-body
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corrections (e.G., GW) are often required for quantitative gap predictions.

Bader charge analysis — concept: A method to partition electron density into atomic basins based on
zero-flux surfaces, yielding atomic charges and volumes. Related terms: charge density, topological analysis.
Explanation: After a VASP run, the CHGCAR file is processed with a Bader program to obtain charge transfer
between atoms. Practical application: Evaluating ionicity in perovskite oxides to understand ferroelectric
behavior. Challenge: The accuracy depends on the grid resolution of the charge density; coarse grids can
lead to erroneous basin boundaries and misleading charge values.

Berry phase — concept: A geometric phase acquired by a wavefunction when parameters (e.G., Crystal
momentum) are varied cyclically, fundamental to polarization and topological properties. Related terms:
polarization, Chern number. Explanation: In modern theory of polarization, the macroscopic electric
polarization is expressed as a Berry phase integral over the occupied Bloch states. Quantum Espresso
implements this via the "berry” module, enabling calculation of ferroelectric polarization in materials like
BaTiOs;. Example: Determining the change in polarization during a structural phase transition. Challenge:
Numerical convergence requires dense k-point sampling and careful treatment of the phase continuity
across the Brillouin zone.

Brillouin zone — concept: The primitive cell in reciprocal space, defined by the set of points that can be
reached by diffraction from the crystal lattice. Related terms: reciprocal lattice, k-point mesh. Explanation:
Sampling the Brillouin zone efficiently is crucial for accurate total-energy and electronic-structure
calculations. Both Quantum Espresso and VASP provide automated schemes (e.G., Monkhorst-Pack) to
generate uniform k-point grids. Practical use: Selecting a 6 x 6 x 6 mesh for a cubic perovskite to balance
accuracy and computational cost. Challenge: Low-symmetry or large-cell systems may require anisotropic
meshes, and insufficient sampling can lead to spurious metallic states in otherwise insulating materials.

Crystal field — concept: The electrostatic environment experienced by an ion due to surrounding charges,
influencing d- or f-electron splitting. Related terms: ligand field, crystal-field splitting. Explanation: In
transition-metal oxides, crystal-field effects dictate magnetic ordering and orbital occupancy. DFT
calculations can quantify crystal-field splitting by projecting the density of states onto specific atomic
orbitals. Example: Assessing the eg-t2g separation in LaMnOj to rationalize its Jahn-Teller distortion.
Challenge: Standard DFT may underestimate splitting; incorporating Hubbard U or hybrid functionals often
improves agreement with experiment.

Coulomb interaction — concept: The electrostatic force between charged particles, described by the 1/r
potential; central to electronic structure. Related terms: Hartree term, exchange-correlation. Explanation: In
DFT, the Coulomb interaction is separated into a classical Hartree contribution and a quantum mechanical
exchange-correlation part. VASP treats the Hartree term analytically, while the exchange-correlation
functional approximates many-body effects. Practical scenario: Modeling charge-density waves where
long-range Coulomb forces stabilize periodic modulations. Challenge: Accurately capturing screening in
metallic systems may require advanced functionals or many-body perturbation methods.

Convergence test — concept: Systematic verification that calculated properties are insensitive to
computational parameters such as plane-wave cutoff, k-point density, and smearing width. Related terms:
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cutoff energy, convergence criteria. Explanation: A typical workflow involves increasing the cutoff energy
(e.G., From 400eV to 600eV) and monitoring total-energy differences until changes fall below a chosen
threshold (e.G., 1 MeV/atom). Example: Performing a convergence study for FeSe to ensure that magnetic
moments are stable. Challenge: For large supercells, convergence tests become time-consuming; surrogate
methods like extrapolation may be employed but introduce additional uncertainty.

Density-functional theory (DFT) — concept: A quantum-mechanical method that maps the many-electron
problem onto a system of non-interacting electrons moving in an effective potential, based on the electron
density. Related terms: Kohn-Sham equations, exchange-correlation functional. Explanation: DFT is the
workhorse of materials modeling, providing a balance between accuracy and computational cost. Quantum
Espresso and VASP both solve the Kohn-Sham equations using plane-wave bases and pseudopotentials.
Practical use: Predicting lattice constants of novel alloys with an error typically DFT+U — concept: An
augmentation of standard DFT that adds a Hubbard-like term to correct for on-site Coulomb interactions in
localized d or f orbitals. Related terms: Hubbard U, self-interaction correction. Explanation: The +U term
penalizes fractional occupation, improving description of Mott insulators and magnetic ordering. In VASP,
the Dudarev approach is commonly used, where only the effective U-J matters. Example: Applying U =4eV
to Fe 3d states in Fe,O3 to open a band gap consistent with experiment. Challenge: Selecting an appropriate
U value can be subjective; systematic approaches (e.G., Linear response) increase computational overhead.

Density of states (DOS) — concept: The number of electronic states per energy interval, providing insight
into the distribution of occupied and unoccupied levels. Related terms: projected DOS, total DOS.
Explanation: After a self-consistent calculation, DOS is obtained by smearing eigenvalues with a Gaussian or
Lorentzian function. Quantum Espresso’s “dos.X" and VASP’s “dos” utilities generate both total and
atom-projected DOS. Practical application: Identifying the Fermi-level contribution of d-states in a
transition-metal catalyst. Challenge: Fine energy resolution requires dense k-point sampling and careful
choice of smearing width to avoid artificial broadening.

Dispersion relation — concept: The functional dependence of excitation energy on momentum, describing
how phonons or electrons propagate through a crystal. Related terms: phonon dispersion, band dispersion.
Explanation: Phonon dispersion curves, computed via DFPT, reveal stability (absence of imaginary
frequencies) and thermal transport properties. Electron dispersion (band structure) indicates effective
masses, crucial for carrier mobility estimations. Example: Calculating the acoustic phonon slope to
determine elastic constants of MgO. Challenge: For low-symmetry materials, the number of independent
g-points grows rapidly, demanding substantial computational resources.

Elastic constants — concept: Tensorial quantities that relate stress to strain in a crystal, governing mechanical
response. Related terms: bulk modulus, shear modulus. Explanation: Elastic constants are derived from the
second derivative of total energy with respect to strain, often using the finite-difference method. VASP's
“IBRION = 6" flag automates strain application and energy evaluation. Practical use: Predicting hardness of
novel superhard materials such as BsC. Challenge: Convergence with respect to k-points and cutoff must be
stringent; small numerical errors can lead to unphysical negative elastic constants.

Exchange-correlation functional — concept: An approximation that encapsulates the many-body effects of
electron exchange and correlation within DFT. Related terms: LDA, GGA, hybrid functional. Explanation: The
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local density approximation (LDA) assumes uniform electron gas behavior, while the generalized gradient
approximation (GGA) incorporates density gradients, improving accuracy for many solids. Hybrid functionals
mix a fraction of exact Hartree-Fock exchange (e.G., HSE06) to correct band gaps. Example: Using PBE-GGA
for geometry optimization of TiO,, then HSEO6 for electronic structure. Challenge: Hybrid calculations are
computationally intensive, often limiting their use to small unit cells or selected high-symmetry points.

Fermi surface — concept: The collection of k-points in reciprocal space where the electron energy equals the
Fermi level, defining metallic behavior. Related terms: Brillouin zone, electronic topology. Explanation:
Mapping the Fermi surface requires dense k-point sampling and interpolation techniques such as maximally
localized Wannier functions. Quantum Espresso’s “fermi_surface.X” and VASP’s “fermi” post-processing tools
enable visualization. Practical application: Identifying nesting vectors that drive charge-density-wave
transitions in NbSe,. Challenge: For complex multi-band metals, disentangling overlapping sheets demands
careful band selection and may suffer from numerical noise.

Force constants — concept: Second derivatives of the total energy with respect to atomic displacements,
forming the dynamical matrix used to compute phonon frequencies. Related terms: harmonic
approximation, DFPT. Explanation: In the harmonic regime, force constants are extracted via finite-difference
displacements or DFPT. VASP's “IBRION = 8" and Quantum Espresso’s DFPT module provide these
quantities. Example: Constructing the phonon spectrum of AIN to assess stability of the wurtzite phase.
Challenge: Anharmonic effects at high temperature are not captured; higher-order force constants must be
computed for thermal conductivity predictions, dramatically increasing computational load.

Gaussian smearing — concept: A technique that broadens discrete electronic eigenvalues using a Gaussian
function, facilitating Brillouin-zone integration, especially for metals. Related terms: smearing width,
Methfessel-Paxton. Explanation: The smearing parameter (o) controls the width of the Gaussian; typical
values are 0.01-0.2 EV. In VASP, “ISMEAR = 0" selects Gaussian smearing, while “SIGMA" sets o. Practical use:
Achieving smooth convergence of total energy for metallic Al during self-consistent cycles. Challenge: Too
large a o can artificially lower the total energy; extrapolation to o — 0 is sometimes required for accurate
energy differences.

Generalized gradient approximation (GGA) — concept: An exchange-correlation functional that incorporates
both the local electron density and its gradient, improving upon LDA. Related terms: PBE, PW91, functional.
Explanation: The Perdew-Burke-Ernzerhof (PBE) form of GGA is widely used for structural relaxations due to
its balanced accuracy for lattice constants and bulk moduli. Example: Optimizing the geometry of a
perovskite oxide with PBE, then comparing the resulting volume to experimental data. Challenge: GGA often
overestimates lattice parameters by 1-2 %; for precise predictions, a correction scheme (e.G., DFT-D3) may
be applied.

Hybrid functional — concept: An exchange-correlation functional that mixes a portion of exact Hartree-Fock
exchange with a DFT component, reducing self-interaction errors. Related terms: HSE06, PBEQ, screened
exchange. Explanation: Hybrid functionals improve band-gap predictions and magnetic properties, but their
non-local exchange term scales poorly with system size. In VASP, the HSEO6 functional is activated via
“LHFCALC = .TRUE.” And a screening parameter of 0.2 A™. Practical example: Calculating the band gap of
Zn0O, which LDA/GGA severely underestimate, achieving values close to the experimental 3.3 EV. Challenge:
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The computational cost can be an order of magnitude higher than GGA, limiting routine applications to
small cells or high-throughput screening with surrogate models.

Hubbard U — concept: A parameter representing the on-site Coulomb repulsion for localized electrons,
introduced in DFT+U to correct self-interaction errors. Related terms: DFT+U, effective U, linear response.
Explanation: The effective U (U_eff = U-)) is often calibrated against experimental data or derived from
constrained DFT calculations. Example: Applying U =5eV to Ni 3d states in NiO to open a Mott gap.
Challenge: The choice of U can dramatically affect magnetic moments and electronic structure; inconsistent
U values across studies hinder direct comparison.

lon relaxation — concept: The iterative adjustment of atomic positions (and sometimes cell parameters) to
minimize forces, achieving a local energy minimum. Related terms: geometry optimization, conjugate
gradient. Explanation: In VASP, ionic steps are controlled by the "IBRION" tag (e.G., IBRION = 2 for conjugate
gradient). Quantum Espresso uses the “vc-relax” or “relax” calculation modes. Practical scenario: Optimizing
the adsorption geometry of H, on a Pt surface to determine the most stable binding site. Challenge:
Convergence may stall in flat energy landscapes; employing a larger force tolerance initially then tightening
it can help, but may miss subtle minima.

Irreducible Brillouin zone (IBZ) — concept: The smallest portion of the Brillouin zone that, by symmetry,
represents the entire zone; sampling only the IBZ reduces computational effort. Related terms: symmetry
operations, k-point reduction. Explanation: Both Quantum Espresso and VASP automatically identify
symmetry operations and generate k-points confined to the IBZ, weighting each point appropriately.
Example: A cubic crystal with 48 symmetry operations may require only a few k-points in the IBZ for a

6 x 6 x 6 full mesh. Challenge: Low-symmetry structures have a larger IBZ, increasing the number of
irreducible points and computational time.

Jellium model — concept: A simplified representation of a metal where positive ion cores are replaced by a
uniform background charge, facilitating analytical treatments of electron gas properties. Related terms:
electron gas, homogeneous background. Explanation: The jellium model underlies many
exchange-correlation functional constructions and provides baseline values for work functions and surface
energies. In practice, DFT calculations of real metals deviate from jellium predictions due to lattice
potentials and d-electron contributions. Example: Comparing the calculated surface energy of Al to the
jellium estimate to assess the impact of surface reconstruction. Challenge: The model neglects atomic
granularity, limiting its applicability to systems where core-level effects dominate.

K-point mesh — concept: A grid of points in reciprocal space used to sample the Brillouin zone for
integration of electronic quantities. Related terms: Monkhorst-Pack, Gamma-centered. Explanation: The
density of the mesh (e.G., 8 x 8 x 8) Directly influences the accuracy of total energies, forces, and DOS. In
VASP, "KPOINTS" file defines the mesh; Quantum Espresso uses the “K_POINTS" block. Practical tip: For
metallic systems, a denser mesh is required to capture the Fermi surface accurately. Challenge: Increasing
the mesh size leads to linear scaling of computational cost; careful convergence testing balances precision
against resource usage.

Kohn-Sham equations — concept: A set of single-particle Schrodinger-like equations derived from DFT that
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describe non-interacting electrons moving in an effective potential, yielding the same ground-state density
as the interacting system. Related terms: self-consistent field, effective potential. Explanation: The effective
potential includes the external potential, Hartree term, and exchange-correlation potential. Solving the
Kohn-Sham equations iteratively yields eigenvalues and eigenvectors used for further analysis. Example:
Obtaining the band structure of graphene by solving the Kohn-Sham equations with a plane-wave basis.
Challenge: The Kohn-Sham eigenvalues are not strictly quasiparticle energies; interpreting them as such
requires caution, especially for band gap predictions.

Lattice dynamics — concept: The study of vibrational motions of atoms in a crystal, encompassing phonon
frequencies, eigenvectors, and related thermodynamic properties. Related terms: phonon dispersion, DFPT.
Explanation: Lattice dynamics calculations employ either finite-difference supercells or density-functional
perturbation theory to construct the dynamical matrix. Quantum Espresso’s “ph.X” module and VASP's
“IBRION = 7" provide these capabilities. Practical use: Predicting the temperature dependence of the free
energy to assess phase stability of polymorphs. Challenge: Anharmonic effects become significant at high
temperatures; incorporating them requires higher-order force constants and computationally intensive

molecular dynamics.

Local density approximation (LDA) — concept: An exchange-correlation functional that assumes the electron
density is locally uniform, using the homogeneous electron gas as a reference. Related terms: uniform
electron gas, Perdew-Zunger. Explanation: LDA often yields accurate bulk moduli and cohesive energies but
typically underestimates lattice constants by 1% and band gaps severely. Example: Calculating the
equilibrium volume of bulk silicon with LDA, obtaining a value slightly smaller than the experimental lattice
constant. Challenge: For systems with strong density gradients (e.G., Surfaces, molecules), LDA's
assumptions break down, making GGA or hybrid functionals preferable.

Madelung constant — concept: A dimensionless factor that quantifies the electrostatic energy of an infinite
ionic crystal lattice, arising from the sum of Coulomb interactions between ions. Related terms: ionic crystal,
electrostatic energy. Explanation: The Madelung constant depends solely on lattice geometry (e.G., NaCl,
CsCl). In DFT, the electrostatic contribution to the total energy can be compared to the classical Madelung
term to assess the quality of pseudopotentials. Practical example: Verifying that the calculated lattice energy
of NaCl aligns with the analytical Madelung value after correcting for exchange-correlation contributions.
Challenge: Direct evaluation of the infinite sum requires Ewald summation techniques, which are built-in for
periodic DFT codes but can be sensitive to convergence parameters.

Magnetic ordering — concept: The arrangement of magnetic moments in a material, such as ferromagnetic
(FM), antiferromagnetic (AFM), or ferrimagnetic configurations. Related terms: spin polarization, exchange
coupling. Explanation: DFT calculations impose a spin configuration by initializing magnetic moments on
specific atoms; the system then relaxes to a self-consistent magnetic state. VASP uses "MAGMOM" to set
initial moments, while Quantum Espresso employs “starting_magnetization”. Example: Comparing FM and
AFM energies of MnO to determine the ground-state magnetic ordering. Challenge: Convergence can be
slow for frustrated magnets; careful selection of initial spin arrangements and possible use of constrained
DFT may be necessary.

Nudged elastic band (NEB) — concept: A method for finding minimum-energy pathways (MEPs) and
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activation barriers between initial and final states by optimizing a series of intermediate images connected
by elastic springs. Related terms: reaction coordinate, transition state. Explanation: In VASP, the NEB
algorithm is invoked by setting “IBRION = 3"; forces are projected to separate true physical forces from
spring forces, ensuring images follow the true MEP. Practical application: Computing the diffusion barrier of
Li* in a solid-state electrolyte to assess ionic conductivity. Challenge: Selecting an appropriate number of
images and spring constant is critical; too few images can miss saddle points, while too many increase
computational expense.

Optical phonon - concept: A vibrational mode where atoms in the basis move out of phase, typically
occurring at finite frequencies at the Brillouin-zone center and interacting with electromagnetic radiation.
Related terms: Raman active, infrared active. Explanation: Optical phonons are probed experimentally by
Raman spectroscopy and infrared absorption; DFT predicts their frequencies and eigenvectors. Example:
Calculating the Raman-active Aig mode of SiC to compare with measured spectra. Challenge: Accurate
prediction of LO-TO splitting in polar materials requires inclusion of non-analytic corrections, which depend
on the Born effective charges and dielectric tensor.

Phonon dispersion — concept: The plot of phonon frequencies as a function of wavevector throughout the
Brillouin zone, revealing vibrational stability and thermal properties. Related terms: acoustic branch,
dynamical matrix. Explanation: Phonon dispersion curves are obtained by diagonalizing the dynamical
matrix at each g-point; imaginary frequencies (plotted as negative values) indicate structural instability.
VASP's "PHONON" package and Quantum Espresso’s DFPT module generate these data. Practical use:
Confirming that a newly proposed high-pressure phase of hydrogen is dynamically stable before
experimental synthesis. Challenge: For large supercells, the number of g-points grows, and finite-difference
approaches become prohibitive; DFPT offers a more efficient route but demands careful convergence of
plane-wave cutoffs and k-points.

Projected density of states (PDOS) — concept: The contribution of specific atomic orbitals or atoms to the
total density of states, allowing analysis of chemical bonding and orbital character. Related terms: partial
DOS, atom-resolved DOS. Explanation: PDOS is obtained by projecting Kohn-Sham wavefunctions onto
atomic-like orbitals (e.G., S, p, d). Both VASP and Quantum Espresso provide utilities (“projwfc.X” in QE,
“LORBIT" in VASP) to perform this projection. Example: Demonstrating that the valence band of TiO; is
dominated by O 2p states, while the conduction band has Ti3d character. Challenge: The choice of
projection radii influences the quantitative PDOS; overlap between neighboring atoms can lead to double
counting if not treated properly.

Quantum Espresso (QE) — concept: An integrated suite of open-source codes for electronic-structure
calculations and materials modeling based on plane-wave DFT. Related terms: PWscf, PHonon, CP.
Explanation: QE includes modules for ground-state calculations (pw.X), phonon calculations (ph.X),
molecular dynamics (cp.X), and post-processing tools. It supports a wide range of pseudopotentials
(norm-conserving, ultrasoft, PAW) and advanced features such as hybrid functionals and GW. Practical
example: Performing a full geometry optimization of a perovskite oxide, followed by phonon calculations to
assess dynamical stability. Challenge: The learning curve can be steep for new users; careful attention to
input syntax and convergence parameters is essential for reliable results.
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Quasi-particle — concept: An excitation in a many-body system that behaves like a particle with
renormalized energy and lifetime, often described by the GW approximation. Related terms: self-energy,
GW method. Explanation: Quasi-particle energies correct the Kohn-Sham eigenvalues, providing more
accurate band gaps and effective masses. In practice, a DFT calculation supplies the starting wavefunctions,
which are then fed into a GW code (e.G., Yambo, BerkeleyGW) for self-energy evaluation. Example:
Computing the GW-corrected band gap of MoS,, improving the DFT underestimate from 1.6 EV to ~2.1EV,
close to experiment. Challenge: GW calculations are computationally demanding, requiring dense k-point
sampling and large numbers of empty bands to converge the screened Coulomb interaction.

Raman spectroscopy — concept: An experimental technique that probes vibrational modes via inelastic
scattering of light, providing fingerprints of crystal symmetry and bonding. Related terms: Raman active
mode, polarizability tensor. Explanation: DFT predicts Raman intensities by calculating the derivative of the
polarizability with respect to normal mode displacements. Quantum Espresso’s “raman.X” module evaluates
these derivatives using DFPT. Practical application: Assigning the A1g and E,g peaks in the Raman spectrum
of hexagonal BN to specific phonon modes. Challenge: Accurate intensity prediction requires

well-converged wavefunctions and inclusion of non-analytic corrections for polar materials.

Relaxation time — concept: The average time between scattering events for carriers (electrons, phonons)
governing transport properties such as electrical conductivity and thermal conductivity. Related terms:
Boltzmann transport, scattering rate. Explanation: Within the Boltzmann transport equation, relaxation time
appears as a phenomenological parameter; first-principles approaches compute it from electron-phonon
coupling or phonon-phonon interactions. Example: Using the EPW (Electron-Phonon Wannier) package to
compute electron relaxation times in doped silicon, then predicting mobility. Challenge: Full ab-initio
evaluation of relaxation times is computationally intensive, often necessitating approximations (e.G.,
Constant relaxation time) for high-throughput studies.

Self-consistent field (SCF) — concept: An iterative procedure that solves the Kohn-Sham equations until the
input and output electron densities converge within a predefined tolerance. Related terms: charge density,
mixing scheme. Explanation: SCF cycles involve mixing the new density with the previous one using schemes
such as Pulay or Broyden to accelerate convergence. VASP controls SCF convergence with "EDIFF", while QE
uses “conv_thr". Practical tip: For metallic systems, a smaller mixing parameter or smearing can prevent
charge sloshing. Challenge: Systems with flat energy landscapes (e.G., Weakly bound van der Waals
complexes) may exhibit slow SCF convergence, requiring advanced mixing or preconditioning techniques.

Spin polarization — concept: The difference in electron density between spin-up and spin-down channels,
leading to magnetic moments in a material. Related terms: collinear magnetism, non-collinear magnetism.
Explanation: In collinear calculations, the spin axis is fixed, and separate Kohn-Sham equations are solved
for each spin channel. VASP’s "ISPIN = 2" activates spin polarization, while QE uses “noncolin = .False.”
Example: Modeling the ferromagnetic ground state of Fe by initializing a magnetic moment of 2.2 M_B per
atom. Challenge: For systems with frustrated or non-collinear spins, more sophisticated methods (e.G,,
Spin-spiral calculations) are required, increasing computational complexity.

Total energy — concept: The sum of kinetic, potential, exchange-correlation, and ionic contributions
obtained from a DFT calculation, representing the thermodynamic stability of a configuration. Related
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terms: enthalpy, free energy. Explanation: Accurate total-energy differences (e.G., Formation energies) are
essential for predicting phase stability. Both VASP and QE output the total energy after SCF convergence;
additional corrections (e.G., Pulay stress for variable-cell relaxations) may be needed. Example: Computing
the formation energy of AIN from elemental Al and N, to assess its synthesizability. Challenge: Systematic
errors from the chosen functional can bias energy differences; employing consistent reference states and,
when possible, higher-level methods (e.G., RPA) mitigates this issue.

Tight-binding model — concept: A semi-empirical approach that describes electronic structure by
considering overlap of atomic orbitals with limited range, often parameterized from DFT or experiment.
Related terms: Slater-Koster, hopping parameters. Explanation: Tight-binding provides a computationally
cheap alternative for large systems or for constructing Wannier functions. In practice, one may fit DFT band
structures to extract hopping integrals, then use the resulting model to explore transport or topology.
Example: Building a graphene tight-binding Hamiltonian to study edge states and quantum Hall effects.
Challenge: The accuracy of the model depends on the quality of the fitting dataset; capturing subtle effects
such as spin-orbit coupling may require extended parameter sets.

U parameter — concept: The effective on-site Coulomb interaction used in DFT+U calculations to correct for
electron localization errors in correlated orbitals. Related terms: Hubbard U, linear response. Explanation:
The U value modifies the Kohn-Sham Hamiltonian, raising the energy of partially occupied d or f states and
opening band gaps. Determination methods include fitting to experimental spectra, constrained DFT, or the
linear-response approach of Cococcioni and de Gironcoli. Practical example: Using a self-consistent
linear-response calculation to obtain U=3.5EV for Fe 3d in FeSe. Challenge: Different methods yield varying
U values; inconsistency can lead to conflicting predictions across studies.

VASP (Vienna Ab-initio Simulation Package) — concept: A commercial, plane-wave DFT code widely used for
electronic-structure, molecular-dynamics, and many-body perturbation calculations. Related terms: PAW,
projector-augmented wave. Explanation: VASP implements a variety of exchange-correlation functionals,
hybrid functionals, and advanced features such as DFT-D3 dispersion corrections and GW. It uses the PAW
method to treat core electrons efficiently while retaining all-electron accuracy. Example: Performing a
variable-cell relaxation of a high-pressure phase of Si, followed by a phonon calculation to confirm
dynamical stability. Challenge: Licensing costs restrict accessibility; careful input preparation and
convergence testing are essential to avoid wasted computational resources.

Van der Waals corrections — concept: Empirical or semi-empirical schemes added to DFT to account for
long-range dispersion interactions absent in conventional exchange-correlation functionals. Related terms:
D3, optB88-vdW, TS. Explanation: Popular methods include Grimme's D2/D3, the Tkatchenko-Scheffler (TS)
scheme, and non-local functionals such as vdW-DF. In VASP, D3 is activated via “IVDW = 12"; in QE, the
"vdw_corr” flag selects the desired correction. Practical application: Improving adsorption energies of
organic molecules on metal surfaces, where dispersion dominates binding. Challenge: Different correction
schemes can produce varying results; benchmarking against high-level quantum chemistry data is advisable
for reliable predictions.
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