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Certificate in Quantum Espresso And VASP Theory

VASP Simulation Techniques

Ab initio

Concept: First-principles calculation without empirical parameters. Related terms: density functional theory,
plane-wave basis, pseudopotential. Explanation: In VASP, ab initio methods solve the Kohn-Sham equations
directly from the Schrédinger equation, using only fundamental physical constants. The approach relies on
approximations for the exchange-correlation functional, but no fitted parameters are introduced for the
specific material. Example: Computing the band structure of silicon using the PBE functional. Practical
application: Predicting lattice constants, elastic constants, and defect formation energies for new alloys.
Challenges: High computational cost for large supercells; convergence with respect to k-point sampling and
plane-wave cutoff must be carefully tested.

Algorithmic mixing

Concept: Technique to stabilize self-consistent field (SCF) cycles. Related terms: Pulay mixing, Kerker
preconditioner, charge density damping. Explanation: VASP implements several mixing algorithms that
combine the input and output charge densities to accelerate convergence. Algorithmic mixing adjusts the
weight of the new density based on previous iterations, reducing oscillations especially in metallic systems.
Example: Using Pulay mixing with a mixing parameter of 0.5 For a transition-metal surface. Practical
application: Efficient SCF convergence for large metallic slabs and complex oxides. Challenges: Selecting
optimal mixing parameters; over-mixing can lead to divergence, while under-mixing slows the calculation.

Band structure

Concept: Energy dispersion relation E(k) for electrons in a periodic solid. Related terms: Brillouin zone,
high-symmetry points, effective mass. Explanation: VASP outputs eigenvalues on a dense k-mesh; these can
be interpolated to plot the band structure along a path of high-symmetry points. The resulting plot reveals
band gaps, metallicity, and possible topological features. Example: Generating the band structure of
graphene along '-K-M-T. Practical application: Identifying direct versus indirect band gaps for photovoltaic
materials. Challenges: Need for accurate k-point paths; spin-orbit coupling may be required for heavy
elements, increasing computational load.

Born—-Oppenheimer approximation

Concept: Separation of electronic and nuclear motion. Related terms: molecular dynamics, potential energy
surface, adiabatic dynamics. Explanation: VASP treats nuclei as classical particles moving on an electronic
energy surface obtained from an SCF calculation. The approximation assumes electrons instantly adapt to
nuclear positions, enabling molecular dynamics (MD) simulations without solving the full electron-nuclear
problem. Example: Performing an NVT MD run of liquid water at 300 K. Practical application: Simulating
temperature-dependent properties such as diffusion coefficients. Challenges: Breakdown in systems with
strong electron-phonon coupling; requires small time steps for accurate forces.

Brillouin zone sampling
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Concept: Discretization of reciprocal space for periodic systems. Related terms: k-point mesh,
Monkhorst-Pack grid, Gamma-centered grid. Explanation: Accurate integration over the Brillouin zone is
achieved by selecting a set of k-points. VASP offers automatic generation of Monkhorst-Pack or
Gamma-centered grids, with the density controlled by the KPOINTS file. Denser meshes improve
convergence of total energy, forces, and stress. Example: Using a 6 x 6 x 6 Monkhorst-Pack grid for a cubic
perovskite. Practical application: Determining bulk modulus from energy-volume curves. Challenges:
Metallic systems often require finer meshes; convergence tests are essential to avoid systematic errors.

Charge density

Concept: Spatial distribution of electron probability. Related terms: electron density, FFT grid, CHGCAR file.
Explanation: VASP stores the charge density on a three-dimensional FFT grid. This density is used to
compute the Hartree potential and exchange-correlation energy. Visualization tools can read the CHGCAR
file to produce isosurfaces or planar averages. Example: Plotting the charge density difference between a
defect-free and a vacancy-containing supercell. Practical application: Analyzing bonding characteristics and
charge transfer in heterostructures. Challenges: Large supercells increase memory usage; careful selection of
the FFT grid is required to avoid aliasing.

COHP (Crystal Orbital Hamilton Population)

Concept: Energy-resolved analysis of bonding interactions. Related terms: projected density of states,
bonding/antibonding, Lobster interface. Explanation: Although VASP does not compute COHP directly, the
Lobster post-processing tool can read VASP wavefunctions to evaluate COHP, providing insight into bond
strengths and orbital contributions. Example: Using Lobster to assess Fe-O bonding in hematite. Practical
application: Guiding alloy design by quantifying covalent versus ionic character. Challenges: Requires
compatible pseudopotentials; additional computational steps increase workflow complexity.

Conjugate-gradient (CG) algorithm

Concept: Optimization method for ionic relaxation. Related terms: ionic steps, force convergence, energy
minimization. Explanation: VASP employs the CG algorithm to update atomic positions by moving along
conjugate directions, which accelerate convergence compared to simple steepest-descent methods. The
algorithm terminates when forces fall below a user-defined threshold. Example: Relaxing a surface slab until
forces are Cutoff energy (ENCUT)

Concept: Maximum kinetic energy of plane waves included in the basis set. Related terms: plane-wave basis,
convergence test, POTCAR. Explanation: The plane-wave expansion is truncated at ENCUT, influencing
accuracy and computational cost. Higher cutoffs yield more complete bases but increase memory and CPU
time. Users typically perform convergence tests by increasing ENCUT until total energy changes are within a
few meV per atom. Example: Setting ENCUT = 520eV for a calculation with PAW potentials that recommend
500eV. Practical application: Ensuring reliable defect formation energies where small energy differences are
critical. Challenges: Over-converging can waste resources; under-converging leads to systematic errors.

Density of states (DOS)

Concept: Number of electronic states per energy interval. Related terms: projected DOS (PDOS), smearing,
tetrahedron method. Explanation: VASP can compute total and projected DOS using the eigenvalues from a
dense k-mesh. Smearing methods (e.G., Gaussian, Methfessel-Paxton) broaden the discrete levels, while the
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tetrahedron method provides more accurate DOS for insulators. Example: Generating PDOS for Ti-d and
O-p states in TiO,. Practical application: Identifying the contribution of specific orbitals to the valence band
edge in photocatalysts. Challenges: Choice of smearing width affects metallic vs. Insulating systems; too
large a width can obscure fine features.

DFT+U (Hubbard correction)

Concept: On-site Coulomb interaction added to DFT to treat localized electrons. Related terms: LDA+U,
Hubbard parameter (U), rotationally invariant. Explanation: For transition-metal oxides, standard DFT often
underestimates band gaps. The DFT+U method adds a term U-(n - '2)? to penalize fractional occupation of
d or f orbitals, improving the description of strong correlation. VASP implements the Dudarev formalism
where only U - J matters. Example: Applying U = 4.5EV to Fe-3d states in Fe,0s. Practical application:
Predicting magnetic ordering and accurate redox potentials for battery materials. Challenges: Selecting
appropriate U values; over-correction can lead to unphysical band structures.

Dispersion corrections

Concept: Empirical or semi-empirical terms accounting for van der Waals forces. Related terms: D2, D3,
optB88-vdW, TS. Explanation: Standard DFT functionals lack long-range correlation. VASP offers several
schemes (Grimme D2/D3, Tkatchenko-Scheffler, and non-local vdW functionals) that add a pairwise or
density-dependent term to the total energy, improving geometry and binding energy predictions for
layered materials, molecular adsorption, and organic crystals. Example: Using D3 with Becke-Johnson
damping for a benzene-graphene adsorption study. Practical application: Accurate interlayer spacing in
MoS; and other 2D heterostructures. Challenges: Different schemes can give divergent results;
benchmarking against experiment is advisable.

Electric field

Concept: External uniform field applied to periodic cells. Related terms: Berry phase polarization, dipole
correction, EFIELD tag. Explanation: VASP can impose a static electric field along a lattice vector, enabling
the study of dielectric response, ferroelectric switching, and Stark effect. The implementation uses a
sawtooth potential with a dipole correction to avoid spurious interactions across periodic boundaries.
Example: Applying a 0.1V/A field to a BaTiOs slab to induce polarization reversal. Practical application:
Calculating dielectric constants and piezoelectric coefficients. Challenges: Convergence with respect to
vacuum thickness and dipole region; field strengths exceeding breakdown limits may cause numerical
instability.

Elastic constants

Concept: Second-order derivatives of energy with respect to strain. Related terms: stress tensor,
finite-difference method, VASP's IBRION = 6. Explanation: VASP can compute elastic constants by applying
small deformations to the cell and measuring the resulting stress. The finite-difference approach yields Cyy,
Ci2, etc,, Which are then used to derive bulk modulus, shear modulus, and Poisson’s ratio. Example:
Determining Cq1 and Cy, for cubic Si using a 2% strain amplitude. Practical application: Screening materials
for mechanical robustness in aerospace or microelectronics. Challenges: Requires high precision in stress;
convergence with respect to k-points and ENCUT is critical.

Exchange-correlation functional

Read online: https://certificates.HealthCareCourses.org.uk/glossaries/ HealthCareCourses (An LSIB brand) - 08 Jul 2026
5170586/vasp-simulation-techniques



Healthg¥e GLOSSARY

Concept: Approximation for many-body electron interactions in DFT. Related terms: LDA, GGA, meta-GGA,
hybrid. Explanation: VASP provides a library of functionals, ranging from the local density approximation
(LDA) to generalized gradient approximations (GGA) such as PBE, and more advanced meta-GGA (SCAN)
and hybrid (HSEO6) forms. The choice influences band gaps, lattice parameters, and magnetic moments.
Example: Selecting PBE for geometry optimization, then HSEO6 for accurate band gap prediction of a
perovskite. Practical application: Tailoring functional choice to balance computational cost and accuracy for
specific properties. Challenges: Hybrids are computationally expensive; some functionals may not be
compatible with certain pseudopotentials.

Fermi surface

Concept: Surface in reciprocal space separating occupied from unoccupied electronic states at zero
temperature. Related terms: k-point mesh, metallicity, Boltzmann transport. Explanation: VASP can output
the eigenvalues near the Fermi level, which can be post-processed to visualize the Fermi surface. This
information is essential for understanding transport properties, nesting vectors, and superconductivity.
Example: Mapping the Fermi surface of NbSe; to identify charge-density-wave vectors. Practical application:
Designing thermoelectric materials based on anisotropic carrier transport. Challenges: Requires extremely
dense k-point sampling; smearing must be carefully chosen to avoid artificial broadening.

Force convergence

Concept: Criterion for terminating ionic relaxation based on residual forces. Related terms: EDIFFG, ionic
steps, energy minimization. Explanation: VASP monitors the maximum force on each atom; when all forces
drop below the absolute value of EDIFFG, the geometry is considered converged. Typical thresholds range
from 0.05 EV/A for screening to 0.01EV/A for high-accuracy studies. Example: Setting EDIFFG = -0.02 For a
surface adsorption calculation. Practical application: Ensuring reliable adsorption energies where force
errors directly affect binding. Challenges: Tight thresholds increase the number of ionic steps; poor initial
guesses can lead to slow convergence.

Gaussian smearing

Concept: Broadening technique for electronic occupations in metallic systems. Related terms: smearing
width (SIGMA), Methfessel-Paxton, tetrahedron method. Explanation: Metals have partially occupied bands
at the Fermi level, causing convergence difficulties. Gaussian smearing replaces the step function with a
smooth Gaussian of width SIGMA, facilitating SCF convergence. After SCF, energies can be extrapolated to
zero temperature. Example: Using SIGMA = 0.2EV for a Cu bulk calculation. Practical application: Rapid
convergence of metallic systems while maintaining accurate total energies. Challenges: Too large a sigma
can artificially lower total energy; careful extrapolation is needed for precise property predictions.

Hybrid functional

Concept: Incorporates a fraction of exact Hartree-Fock exchange with DFT exchange-correlation. Related
terms: HSE06, PBEO, screened exchange. Explanation: Hybrid functionals improve band gap predictions and
reduce self-interaction errors. VASP implements screened hybrids (e.G., HSE06) that limit the range of exact
exchange, making calculations feasible for periodic solids. The amount of exact exchange is controlled by
the parameter AEXX. Example: Setting AEXX = 0.25 And HFSCREEN = 0.2 For HSEO6 band gap calculation of
ZnO. Practical application: Accurate electronic structure of wide-gap semiconductors and defect levels.
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Challenges: Computational cost scales roughly with the cube of system size; memory demands increase due
to the exact exchange matrix.

IBRION

Concept: Parameter controlling ionic relaxation algorithm. Related terms: ionic dynamics, MD, NEB.
Explanation: The IBRION tag selects the method for updating atomic positions: 0 For no relaxation, 1 for
quasi-Newton (RMM-DIIS), 2 for conjugate-gradient, 3 for damped MD, 5 for the dimer method
(transition-state search), 6 for finite-difference elastic constant calculation, and -1 for molecular dynamics.
Example: Using IBRION = 2 for a geometry optimization of a defect supercell. Practical application:
Choosing the appropriate algorithm based on system size and required precision. Challenges: Some
algorithms (e.G., Dimer) require careful initial mode guesses; others may stall in flat energy landscapes.

K-POINTS

Concept: File defining the reciprocal-space sampling grid. Related terms: Monkhorst-Pack,
Gamma-centered, special points. Explanation: The KPOINTS file specifies the type of grid, its density, and
any shift. VASP reads this file to generate the k-point set used in the SCF loop. Users can also supply explicit
k-point lists for non-uniform sampling. Example: A KPOINTS file with “Automatic”, “0", “Monkhorst-Pack”, "4
44" "0 0 0". Practical application: Rapidly generating appropriate meshes for bulk, slab, and molecular
calculations. Challenges: Incorrect shifts can break symmetry; metallic systems often need denser meshes to
converge the density of states.

Linear response

Concept: Perturbative method to compute phonons, dielectric tensors, and magnetic susceptibilities.
Related terms: DFPT, IBRION = 7, phonon calculations. Explanation: VASP’s density-functional perturbation
theory (DFPT) evaluates the response of the electronic density to infinitesimal atomic displacements,
yielding dynamical matrices and phonon frequencies without constructing supercells. The method is
efficient for small unit cells and high-symmetry structures. Example: Calculating the phonon dispersion of
diamond using IBRION = 7. Practical application: Predicting thermal conductivity and phase stability from
phonon spectra. Challenges: Requires well-converged ground-state calculations; non-analytic corrections
for polar materials must be included.

Magnetic moment

Concept: Vector quantity representing spin polarization of an atom or system. Related terms: spin-polarized
calculation, ISPIN, ferromagnetism. Explanation: VASP can treat spin-up and spin-down electrons separately,
yielding local magnetic moments on each atom. The total magnetization is reported in the OUTCAR file.
Constraining magnetic moments (e.G., Via MAGMOM) helps explore different magnetic orderings. Example:
Setting MAGMOM = 5*2.0 For a Fe supercell to initialize ferromagnetic alignment. Practical application:
Investigating magnetic phase diagrams of transition-metal oxides. Challenges: Convergence can be
sensitive to initial moments; antiferromagnetic arrangements often require larger supercells.

Meta-GGA

Concept: Generalized gradient approximation that includes kinetic-energy density. Related terms: SCAN
functional, Jacob's ladder, exchange-correlation. Explanation: Meta-GGA functionals, such as SCAN, improve
upon traditional GGA by incorporating the local kinetic-energy density, offering better accuracy for
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structural and energetic properties while remaining less costly than hybrids. VASP supports meta-GGA via
the "METAGGA" tag. Example: Using METAGGA = SCAN for lattice constant prediction of AIN. Practical

application: High-throughput screening where GGA errors are unacceptable but hybrid cost is prohibitive.
Challenges: Some meta-GGAs may be incompatible with certain PAW datasets; careful testing is required.

NEB (Nudged Elastic Band)

Concept: Method for locating minimum-energy paths between initial and final states. Related terms:
climbing image, spring forces, transition state. Explanation: VASP implements the NEB algorithm, where a
series of “images” interpolate between reactant and product geometries. Spring forces keep images spaced,
while true forces are projected perpendicular to the path, allowing the highest-energy image to converge to
the saddle point. The climbing-image variant refines the transition state. Example: Calculating the migration
barrier of a Li ion in a LiFePO, lattice using 5 images and IBRION = 3. Practical application: Determining
diffusion coefficients and reaction rates in batteries and catalysts. Challenges: Requires good initial guesses;
insufficient images can lead to inaccurate barriers; convergence criteria must be tight.

Non-collinear magnetism

Concept: Spin orientation varies in space, not restricted to up/down. Related terms: spin-orbit coupling,
LAMBDA, MAGMOM. Explanation: VASP can treat non-collinear spin textures by representing magnetic
moments as three-component vectors. The calculation must enable spin-orbit coupling and provide initial
directions via the MAGMOM tag. This approach is essential for studying skyrmions, spin-spirals, and
topological insulators. Example: Modeling a spin-spiral in MnSi with a propagation vector along [111].
Practical application: Predicting magnetic anisotropy energies and chiral magnetic structures. Challenges:
Computationally more demanding; convergence may be slower due to the increased degrees of freedom.

PAW (Projector Augmented-Wave) method

Concept: All-electron technique using pseudo-wavefunctions and augmentation. Related terms: POTCAR,
core-valence separation, augmented charge density. Explanation: VASP’s default pseudopotentials are PAW
datasets, which reconstruct the full all-electron wavefunction from a smooth pseudo-wavefunction. This
yields high accuracy comparable to all-electron methods while retaining the efficiency of plane-wave
calculations. Example: Selecting the Fe_pv POTCAR to include semi-core p states for improved magnetic
moment accuracy. Practical application: Reliable prediction of hyperfine parameters and core-level
spectroscopy. Challenges: Some elements require "hard” PAW potentials with higher ENCUT; mismatched
PAWSs can cause inconsistencies across compounds.

Phonon dispersion

Concept: Frequency versus wavevector relationship for lattice vibrations. Related terms: DFPT, supercell
approach, Phonopy interface. Explanation: Phonon spectra can be obtained via DFPT (direct linear response)
or by constructing finite-displacement supercells and processing forces with Phonopy. The dispersion
reveals stability (absence of imaginary frequencies) and thermodynamic properties. Example: Using a

2 x 2 x 2 supercell to compute phonons of MgO and plotting the dispersion along high-symmetry
directions. Practical application: Predicting thermal expansion coefficients and heat capacities for materials
design. Challenges: Large supercells increase computational load; careful convergence with respect to
displacement magnitude and k-points is needed.
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Plane-wave cutoff

Concept: Same as ENCUT; limits kinetic energy of basis functions. Related terms: FFT grid, convergence test,
hard potentials. Explanation: The cutoff determines the number of plane waves; higher cutoffs improve
accuracy but require more memory and CPU time. Hard PAW potentials (e.G., For O or F) often demand
cutoffs > 600eV. Users should perform systematic tests to balance cost and precision. Example:
Incrementally increasing ENCUT from 400 eV to 600 eV until total energy changes Projected DOS (PDOS)
Concept: Decomposition of total DOS onto atomic orbitals. Related terms: LORBIT, partial charge, orbital
character. Explanation: By setting LORBIT appropriately, VASP projects each Kohn-Sham state onto spherical
harmonics centered on each atom, yielding PDOS for s, p, d, f characters. This analysis helps identify the
contributions of specific atoms to the valence and conduction bands. Example: Extracting Fe-3d PDOS for a
Fe-based superconductor to locate the Fermi-level peak. Practical application: Designing dopants that
modify band edges for optoelectronic devices. Challenges: Requires sufficiently dense k-mesh; smearing can
obscure fine orbital features.

Quantum ESPRESSO compatibility

Concept: Interoperability between VASP and QE input/output formats. Related terms: vasp2qe, PW2VASP,
conversion scripts. Explanation: Although VASP and Quantum ESPRESSO use different pseudopotential
formats, conversion tools (e.G., Vasp2qe) allow researchers to transfer structures, k-point meshes, and
wavefunctions. This facilitates cross-validation of results and leveraging strengths of each code (e.G., VASP's
PAW vs. QE's ultrasoft potentials). Example: Converting a VASP POSCAR to an QE input file for a GW
calculation. Practical application: Benchmarking DFT results against an independent implementation.
Challenges: Differences in PAW vs. Ultrasoft treatment can lead to slight discrepancies; careful verification is
required.

Raman activity

Concept: Intensity of vibrational modes in Raman spectroscopy. Related terms: phonon eigenvectors,
dielectric tensor, DFPT. Explanation: VASP can compute the Raman tensors via DFPT by evaluating the
derivative of the polarizability with respect to atomic displacements. The Raman activity of each phonon
mode is then obtained, enabling direct comparison with experimental spectra. Example: Predicting the
Raman active A1g mode of TiO, anatase. Practical application: Identifying phase transitions and strain
effects in thin films. Challenges: Accurate Raman intensities demand well-converged electronic structures
and inclusion of local field effects.

SCF convergence

Concept: Self-consistent field iteration until charge density change falls below a threshold. Related terms:
EDIFF, mixing parameters, charge density residual. Explanation: VASP iteratively solves the Kohn-Sham
equations, updating the charge density each step. The process stops when the total energy change between
successive steps is less than EDIFF, typically 1 x 107> eV for standard calculations. Tightening EDIFF improves
accuracy but may increase the number of iterations. Example: Setting EDIFF = 1E-6 for a high-precision
total-energy comparison of two polymorphs. Practical application: Obtaining reliable energy differences for
phase diagrams. Challenges: Metallic systems or systems with small band gaps may require additional
smearing or mixing adjustments to achieve convergence.
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Spin-orbit coupling (SOC)

Concept: Interaction between electron spin and its orbital motion, essential for heavy elements. Related
terms: LSORBIT, non-collinear magnetism, band splitting. Explanation: Enabling SOC in VASP (LSORBIT

= .TRUE.) Adds a term to the Hamiltonian that couples spin and momentum, leading to band splitting (e.G.,
Rashba effect) and modified magnetic anisotropy. SOC calculations must be performed with a non-collinear
setup and appropriate POTCAR files that contain relativistic information. Example: Computing the
topological surface state of Bi,Ses with SOC included. Practical application: Predicting spintronic properties
and topological phases. Challenges: Increases computational cost roughly twofold; convergence with
respect to k-points becomes more stringent.

Supercell

Concept: Enlarged periodic cell used to model defects, surfaces, or phonons. Related terms: defect
formation energy, finite-size effects, vacuum layer. Explanation: By replicating the primitive cell, a supercell
reduces artificial interactions between periodic images of defects or adsorbates. The size of the supercell
determines the accuracy of properties such as defect formation energies; larger cells diminish spurious
electrostatic interactions. Example: Creating a 2 x 2 x 2 supercell of TiO, to introduce an oxygen vacancy.
Practical application: Calculating migration barriers for ion diffusion in solid electrolytes. Challenges:
Computational expense scales with the number of atoms; careful convergence testing is necessary.

Symmetry reduction

Concept: Exploiting crystal symmetry to reduce computational workload. Related terms: ISYM, symmetry
operations, space group. Explanation: VASP automatically detects symmetry elements and reduces the
number of k-points and plane waves accordingly. The ISYM tag can be used to enforce or disable symmetry;
disabling symmetry may be needed for low-symmetry distortions or magnetic calculations. Example: Setting
ISYM = 0 for a non-centrosymmetric ferroelectric calculation. Practical application: Speeding up bulk
calculations while preserving accuracy. Challenges: Incorrect symmetry settings can lead to artificial
constraints or convergence failures.

Temperature scaling (MD)

Concept: Controlling system temperature during molecular dynamics via thermostats. Related terms: NVT
ensemble, Nosé-Hoover, Andersen thermostat. Explanation: VASP supports several thermostats to regulate
temperature. The Nosé-Hoover chain provides canonical sampling, while the Andersen thermostat
randomly reassigns velocities. Users specify the target temperature and time step; the thermostat
parameters affect energy drift and equilibration time. Example: Running a 10 ps NVT MD simulation of NaCl
at 500K with a 1fs timestep. Practical application: Studying melting points and diffusion coefficients.
Challenges: Too large a timestep can cause energy drift; thermostat coupling constants must be tuned for
stable dynamics.

Van der Waals functionals

Concept: Non-local correlation functionals that capture dispersion forces. Related terms: optB86b-vdW,
rVV10, vdW-DF2. Explanation: VASP implements several vdW-DF families that add a non-local term to the
exchange-correlation energy, allowing accurate description of layered materials, molecular crystals, and
adsorption phenomena without empirical parameters. The functional choice determines the balance
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between exchange and correlation contributions. Example: Using optB86b-vdW to compute the interlayer
distance of graphite. Practical application: Predicting exfoliation energies for 2D materials. Challenges:
Computational overhead is modest but non-negligible; different vdW functionals may give divergent results
for the same system.

Wavefunction file (WAVECAR)

Concept: Binary file storing the converged Kohn-Sham wavefunctions. Related terms: restart,
post-processing, Lobster interface. Explanation: After an SCF run, VASP writes the plane-wave coefficients to
WAVECAR. This file can be reused to restart calculations, to perform non-self-consistent analyses (e.G., Band
structure), or to feed into external tools such as Lobster for COHP analysis. Example: Using the same
WAVECAR to compute a denser band structure without re-doing the SCF. Practical application: Saving
computational time when exploring multiple post-processing analyses. Challenges: WAVECAR size grows
with system size and plane-wave cutoff; insufficient disk space can interrupt long runs.

Work function

Concept: Energy required to remove an electron from a material’s surface to vacuum. Related terms: surface
dipole, vacuum level, Slab model. Explanation: VASP calculates the work function by constructing a slab with
sufficient vacuum, then extracting the electrostatic potential far from the surface. The difference between
the Fermi level and the vacuum potential yields the work function. Example: Determining the work function
of a Au(111) slab with a 15A vacuum region. Practical application: Designing contact materials for electronic
devices and assessing electron emission properties. Challenges: Requires convergence with respect to slab
thickness, vacuum size, and dipole correction; surface reconstruction can affect results.

XC functional hierarchy (Jacob’s ladder)

Concept: Systematic classification of exchange-correlation approximations. Explanation: The “ladder”
metaphor orders functionals by increasing complexity and (often) accuracy: LDA (local density), GGA
(gradient), meta-GGA (kinetic-energy density), hybrids (exact exchange), and beyond (e.G., RPA). VASP
supports many rungs, allowing users to select the appropriate level for their property of interest. Example:
Starting with PBE (GGA) for geometry, then moving to HSEO6 (hybrid) for band gap refinement. Practical
application: Balancing computational cost against required precision in high-throughput studies.
Challenges: Higher rungs demand more resources; not all functionals are universally reliable, requiring
validation.

Zero-point energy (ZPE)

Concept: Quantum mechanical energy of a system at absolute zero due to vibrational motion. Related
terms: phonon calculation, thermal corrections, formation enthalpy. Explanation: VASP’s phonon module
provides vibrational frequencies, from which ZPE = %2y hw can be computed. Adding ZPE to total energies
yields more accurate formation enthalpies, especially for light-atom compounds such as hydrides. Example:
Including ZPE corrections for H; in the calculation of MgH, formation energy. Practical application:
Predicting thermodynamic stability of hydrogen storage materials. Challenges: Requires well-converged
phonon spectra; neglecting ZPE can lead to errors of several tens of meV per atom.

Charge neutrality correction
Concept: Adjustment for spurious electrostatic interactions in charged supercell calculations. Related terms:
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Makov—Payne, background charge, defect calculations. Explanation: When simulating charged defects, VASP
adds a uniform background charge to maintain neutrality, which introduces finite-size errors. The Makov-
Payne correction estimates these errors based on the dielectric constant and supercell geometry, improving
defect formation energies. Example: Applying a +1 charge correction to a vacancy in Si using the MP
method. Practical application: Accurate prediction of ionization levels for semiconductor defects.
Challenges: The correction assumes isotropic dielectric response; for anisotropic materials, more
sophisticated schemes are needed.

Hybrid functional screening parameter

Concept: Controls the range separation in screened hybrids like HSE. Related terms: HFSCREEN,
range-separated exchange, screened Coulomb potential. Explanation: The HFSCREEN tag defines the
inverse screening length (in A™) for the exact exchange term. A typical value of 0.
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