Healthg¥e GLOSSARY

Certificate in Quantum Espresso And VASP Theory

Phonon Dispersion Relations

Acoustic Phonon — low-energy lattice vibration where atoms move in phase, producing sound-like waves.
Related terms: longitudinal, transverse, dispersion curve, group velocity. Explanation: Acoustic modes have
frequencies that approach zero as the wavevector — 0, reflecting translational invariance. Example: In
silicon, the acoustic branches dominate thermal conductivity at room temperature. Practical application:
Predicting heat transport in semiconductor devices using Quantum Espresso’s phonon module. Challenges:
Accurate long-range force constants are required; finite-size supercells can introduce artificial dispersion
flattening.

Brillouin Zone — the primitive cell of reciprocal space defined by the set of points closer to a given reciprocal
lattice point than to any other. Related terms: Reciprocal lattice, k-point sampling, symmetry reduction.
Explanation: Phonon wavevectors are confined to the first Brillouin zone; the zone boundaries often host
band gaps and mode crossings. Example: The I'-X-L path in the cubic Brillouin zone is a common route for
plotting phonon dispersion. Practical application: Selecting high-symmetry paths for VASP phonon
calculations to compare with Raman spectra. Challenges: Complex Brillouin zones (e.G., Hexagonal) require
careful generation of k-paths to avoid missing critical points.

Born—-Oppenheimer Approximation — separation of electronic and nuclear motion based on their mass
difference. Related terms: Adiabatic approximation, non-adiabatic effects, potential energy surface.
Explanation: Phonon calculations assume nuclei move on a static electronic potential, allowing forces to be
derived from ground-state DFT. Example: In Quantum Espresso, phonon calculations are performed after a
self-consistent field (SCF) run that respects this approximation. Practical application: Enables efficient
computation of vibrational spectra for large crystals. Challenges: Breakdown in metals with strong
electron-phonon coupling or in systems exhibiting Kohn anomalies.

Crystal Symmetry — the set of spatial operations (rotations, reflections, translations) that leave the crystal
unchanged. Related terms: Space group, point group, symmetry operations. Explanation: Symmetry reduces
the number of independent force constants, thus lowering computational cost. Example: Using the
symmetry-aware phonon calculation in VASP automatically generates irreducible g-points. Practical
application: Streamlines phonon dispersion generation for high-throughput materials screening. Challenges:
Low-symmetry or distorted structures may require dense g-grids to capture anisotropic phonon behavior.

Density Functional Perturbation Theory (DFPT) — linear-response method to compute phonons directly from
the ground-state electron density. Related terms: Linear response, dynamical matrix, self-consistent
perturbation. Explanation: DFPT avoids explicit supercell construction by solving perturbative equations for
each g-point, yielding force constants analytically. Example: Quantum Espresso’s ph.X module implements
DFPT for phonon dispersion across the Brillouin zone. Practical application: High-precision phonon spectra
for polar materials where long-range dipole interactions are important. Challenges: Computationally
intensive for large unit cells; requires careful convergence of plane-wave cutoff and k-point mesh.
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Dispersion Relation — functional relationship w(q) between phonon frequency (w) and wavevector (q).
Related terms: Band structure, phonon branches, group velocity. Explanation: The dispersion curve encodes
how vibrational energy propagates through the lattice and reveals acoustic/optical character. Example: The
linear slope of the acoustic branch near I determines the speed of sound in the material. Practical
application: Determining thermal conductivity via the Boltzmann transport equation, which uses w(q) and its
derivatives. Challenges: Accurate interpolation between calculated g-points is needed to avoid spurious
gaps or artificial soft modes.

Electron-Phonon Coupling (EPC) — interaction strength between electronic states and lattice vibrations.
Related terms: Eliashberg function, superconductivity, Kohn anomaly. Explanation: EPC modifies electronic
lifetimes and can mediate Cooper pairing, influencing superconducting transition temperatures. Example: In
VASP, the EPW post-processing tool extracts EPC matrix elements from DFPT outputs. Practical application:
Predicting Tc of conventional superconductors from first principles. Challenges: Requires dense k- and
g-meshes; convergence is often slow and sensitive to smearing parameters.

Force Constant — second derivative of the total energy with respect to atomic displacements; defines the
dynamical matrix. Related terms: Interatomic force constant, Hessian matrix, spring model. Explanation: The
real-space force constant matrix connects displaced atoms; its Fourier transform yields phonon frequencies.
Example: In a supercell approach, finite differences of forces give the force constants for each atomic pair.
Practical application: Building accurate interatomic potentials for molecular dynamics simulations.
Challenges: Long-range Coulomb interactions in ionic crystals demand dipole corrections; truncation can
distort acoustic sum rules.

Group Velocity — gradient of the dispersion relation, v_g = dw/dq, representing energy transport speed.
Related terms: Phase velocity, sound velocity, thermal conductivity. Explanation: For acoustic phonons, the
group velocity equals the speed of sound; for optical modes it can be near zero. Example: Calculating v_g
along high-symmetry directions helps identify phonon modes contributing most to heat flow. Practical
application: Input for lattice-thermal-conductivity solvers like ShengBTE. Challenges: Numerical
differentiation of sparse g-point data can produce noisy velocities; smoothing techniques are required.

Harmonic Approximation — truncation of the Taylor expansion of the potential energy at second order,
assuming linear restoring forces. Related terms: Anharmonicity, phonon lifetimes, quasiharmonic
approximation. Explanation: Under this approximation, phonons are non-interacting quasiparticles with
infinite lifetimes. Example: Most DFPT phonon calculations assume harmonic behavior, yielding static
frequencies at 0K. Practical application: Baseline prediction of vibrational spectra for comparison with
infrared and Raman experiments. Challenges: At high temperatures, anharmonic effects shift frequencies
and broaden lines, requiring higher-order perturbation or molecular dynamics.

Imaginary Phonon Mode — a mode with negative squared frequency (w? Interatomic Potential — empirical or
semi-empirical functional form describing forces between atoms, often derived from phonon data. Related
terms: Force field, Lennard-Jones, embedded-atom model. Explanation: Accurate phonon calculations can
be used to fit parameters of a potential for large-scale simulations. Example: Fitting a Stillinger-Weber
potential to match the acoustic and optical branches of silicon. Practical application: Enabling long-time
molecular dynamics of thermal transport while retaining quantum-derived vibrational properties.
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Challenges: Transferability across different crystal phases or strain states is limited; over-fitting to a specific
phonon spectrum can misrepresent other properties.

K-point Sampling — discretization of the Brillouin zone for electronic structure calculations. Related terms:
Monkhorst-Pack mesh, convergence, reciprocal space integration. Explanation: Adequate k-point density
ensures accurate forces and thus reliable phonon frequencies. Example: A 6x6x6 Monkhorst-Pack grid is
typical for a cubic semiconductor; denser meshes may be needed for metallic systems. Practical application:
Balancing computational cost with required precision for high-throughput phonon databases. Challenges:
In low-symmetry or large-cell calculations, the number of k-points can become prohibitive; techniques like
tetrahedron integration help.

Long-Range Dipole Corrections — treatment of macroscopic electric fields arising from polar optical modes.
Related terms: Non-analytic term, LO-TO splitting, Born effective charge. Explanation: In ionic crystals,
longitudinal optical (LO) phonons experience a frequency shift due to the dipole-dipole interaction, which
must be added to the dynamical matrix. Example: Quantum Espresso automatically adds the non-analytic
correction when dielectric tensors and Born charges are supplied. Practical application: Correctly
reproducing the LO-TO splitting observed in infrared spectroscopy of TiO,. Challenges: Accurate dielectric
tensors require dense k-point meshes; neglecting the correction leads to underestimated LO frequencies.

Magnon-Phonon Interaction — coupling between spin waves (magnons) and lattice vibrations, relevant in
magnetic materials. Related terms: Spin-lattice coupling, phonon renormalization, magnetostriction.
Explanation: The exchange interaction can be modulated by atomic displacements, altering both magnon
and phonon spectra. Example: In ferromagnetic Fe, temperature-dependent phonon softening is partially
attributed to magnon-phonon coupling. Practical application: Designing spintronic devices where phonon
engineering controls magnetic damping. Challenges: Requires beyond-DFT methods (e.G., DFT+U or
dynamical mean-field theory) to capture spin degrees of freedom accurately.

Mass-Weighted Coordinates — transformation of atomic displacements by the square root of atomic
masses, simplifying the dynamical matrix. Related terms: Normal mode analysis, reduced mass,
eigenvectors. Explanation: The mass-weighted formulation yields orthogonal eigenvectors and directly
relates eigenvalues to squared frequencies. Example: In VASP’'s phonon post-processing, displacements are
converted to mass-weighted form before diagonalization. Practical application: Facilitates comparison of
vibrational amplitudes across atoms of different masses. Challenges: For isotopically mixed systems, the
mass matrix becomes non-diagonal, complicating analysis.

Mode Griineisen Parameter — dimensionless quantity describing the volume dependence of a phonon
frequency, y = - (V/w) (Ow/dV). Related terms: Thermal expansion, quasiharmonic approximation,
anharmonicity. Explanation: Large positive y indicates strong frequency softening with expansion,
contributing to thermal expansion. Example: The transverse acoustic mode in graphite has a high Griineisen
parameter, accounting for its large negative thermal expansion coefficient. Practical application: Predicting
temperature-dependent lattice constants and heat capacities. Challenges: Requires phonon calculations at
multiple volumes; convergence of each volume’s phonon spectrum must be consistent.

Non-Analytic Correction — term added to the dynamical matrix to account for the macroscopic electric field
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in polar crystals. Related terms: LO-TO splitting, Born effective charge, dielectric constant. Explanation: The
correction is proportional to (q:Z*)%/(q-s-q), where Z* is the Born charge tensor and € the dielectric tensor.
Example: In wurtzite GaN, the non-analytic term raises the LO phonon frequency at I relative to the TO
mode. Practical application: Ensures that calculated Raman and infrared active modes match experimental
spectra. Challenges: Accurate Z* and ¢ require converged DFPT calculations; errors propagate directly into
LO-TO splitting.

Phonon Band Gap - frequency interval where no phonon states exist, often separating acoustic and optical
branches. Related terms: Acoustic-optical gap, vibrational density of states, thermal isolation. Explanation: A
large band gap can inhibit certain phonon-phonon scattering processes, enhancing thermal conductivity.
Example: In silicon, the acoustic-optical gap is ~15THz, limiting three-phonon processes that mix low- and
high-frequency modes. Practical application: Engineering materials with tailored phonon gaps for
thermoelectric applications. Challenges: Predicting the gap accurately demands high-resolution g-grids and
careful interpolation of dynamical matrices.

Phonon Density of States (PDOS) — distribution of phonon frequencies per unit frequency interval, often
projected onto atomic species. Related terms: Vibrational density of states, partial PDOS, Debye model.
Explanation: PDOS is obtained by integrating the dispersion over the Brillouin zone; peaks correspond to
flat regions in the dispersion. Example: The PDOS of MgO shows a distinct peak around 400 cm™ associated
with Mg-O stretching modes. Practical application: Comparing calculated PDOS with experimental neutron
scattering or specific-heat measurements. Challenges: Requires dense g-meshes; insufficient sampling can
artificially broaden or miss peaks.

Phonon Lifetime — inverse of the linewidth (') arising from anharmonic decay or electron-phonon scattering,
T = 1/(2l). Related terms: Linewidth, anharmonic decay, Raman broadening. Explanation: Finite lifetimes
lead to thermal resistance and affect the shape of vibrational spectra. Example: Third-order force constants
computed via finite differences allow evaluation of three-phonon scattering rates and thus lifetimes.
Practical application: Input for lattice-thermal-conductivity solvers that predict k =5 Cv_g®t. Challenges:
Calculating third-order constants scales poorly with system size; stochastic methods are being developed to
mitigate cost.

Phonon Polarization - vector describing the direction of atomic displacement for a given normal mode.
Related terms: Eigenvector, transverse, longitudinal. Explanation: Polarization determines whether a mode is
longitudinal (displacement parallel to q) or transverse (perpendicular). Example: In a diatomic chain, the
optical mode at ' has opposite displacements of the two atoms, yielding a specific polarization pattern.
Practical application: Identifying Raman-active versus infrared-active modes based on symmetry and
polarization. Challenges: In low-symmetry crystals, polarization can be mixed, requiring careful symmetry
analysis.

Phonon Self-Energy — complex quantity X(w, g) whose real part shifts the phonon frequency and imaginary
part yields the linewidth. Related terms: Many-body perturbation theory, Dyson equation, renormalization.
Explanation: Self-energy incorporates interactions beyond the harmonic approximation, such as
electron-phonon or phonon-phonon coupling. Example: The temperature-dependent shift of the LO
phonon in doped GaAs is captured by the real part of X. Practical application: Predicting
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temperature-dependent Raman peak positions and widths. Challenges: Requires evaluation of higher-order
diagrams; computationally demanding for large g-grids.

Phonon Softening — decrease of phonon frequency with temperature, pressure, or composition, often
preceding a structural phase transition. Related terms: Soft mode, instability, critical temperature.
Explanation: Softening indicates reduced restoring forces; when a frequency reaches zero, the crystal may
transform to a new symmetry. Example: The transverse acoustic mode at the Brillouin-zone boundary
softens in bcc Fe under pressure, leading to an hcp transition. Practical application: Designing
pressure-tuned functional materials (e.G., Superconductors) by monitoring soft modes. Challenges: Accurate
temperature dependence requires anharmonic calculations or molecular dynamics, increasing
computational load.

Phonon-Phonon Scattering — interaction among phonons that leads to energy redistribution and finite
thermal conductivity. Related terms: Three-phonon processes, Umklapp scattering, relaxation time
approximation. Explanation: Energy- and momentum-conserving collisions between phonons change their
lifetimes and transport properties. Example: In silicon, Umklapp scattering of high-frequency optical
phonons dominates above 300K. Practical application: Calculating lattice thermal conductivity using
Boltzmann transport equation solvers such as Phono3py. Challenges: Requires third-order force constants;
convergence with respect to supercell size and g-grid can be slow.

Polar Optical Phonon — optical mode that generates a macroscopic electric field due to displacement of
oppositely charged sublattices. Related terms: LO mode, TO mode, dielectric screening. Explanation: The
field leads to LO-TO splitting and significant electron-phonon coupling in polar semiconductors. Example:
The LO phonon of GaAs appears at ~292cm™, while the TO mode is at ~267 cm™. Practical application:
Modeling carrier scattering in high-mobility devices where LO phonon emission limits velocity. Challenges:
Proper inclusion of non-analytic corrections; convergence of Born effective charges is essential.

Quasiharmonic Approximation (QHA) — extension of the harmonic model that incorporates volume
dependence of phonon frequencies to capture thermal expansion. Related terms: Griineisen parameter, free
energy minimization, temperature-dependent lattice constants. Explanation: The Helmholtz free energy is
computed at several volumes; the equilibrium volume at each temperature is obtained by minimizing F(V,T).
Example: QHA predicts the negative thermal expansion of ZnO below 100K by accounting for
low-frequency acoustic mode softening. Practical application: Generating temperature-dependent phase
diagrams for materials under extreme conditions. Challenges: Fails when anharmonicity is strong (e.G., Near
melting) or when phonon lifetimes become comparable to vibrational periods.

Reciprocal Lattice — lattice constructed from the Fourier transform of the real-space crystal lattice; defines
allowed wavevectors. Related terms: Brillouin zone, Miller indices, diffraction condition. Explanation: The
periodicity in reciprocal space determines the sampling of phonon wavevectors and electronic k-points.
Example: The reciprocal vectors of a face-centered cubic lattice form a body-centered cubic lattice. Practical
application: Generating g-point meshes that respect crystal symmetry for phonon calculations. Challenges:
For incommensurate or modulated structures, constructing a suitable reciprocal lattice becomes non-trivial.

Raman Active Mode — vibrational mode that changes the polarizability tensor, allowing it to be observed in
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Raman spectroscopy. Related terms: Selection rules, symmetry, Stokes shift. Explanation: Group theory
determines which phonon representations are Raman active based on the crystal’s point group. Example:
The A1g mode in diamond appears at 1332cm™ and is Raman active due to its symmetric displacement
pattern. Practical application: Using calculated Raman frequencies to validate DFT-derived phonon spectra.
Challenges: Weak Raman cross-sections for some modes may require high-precision calculations of
polarizability derivatives.

Relaxation Time Approximation (RTA) — simplification of the Boltzmann transport equation assuming each
phonon mode relaxes independently to equilibrium with a characteristic time 1. Related terms: Boltzmann
transport equation, scattering rates, thermal conductivity. Explanation: RTA provides a tractable way to
estimate lattice thermal conductivity from phonon lifetimes and group velocities. Example: Using T from
third-order force constants, the RTA predicts k of silicon within 10% of experimental values. Practical
application: Rapid screening of thermoelectric materials where low k is desirable. Challenges: RTA neglects
collective phonon drag effects; more accurate solutions require iterative or full-matrix approaches.

Supercell Approach — method for phonon calculations where a large periodic cell is constructed, and
finite-difference forces are computed for displaced atoms. Related terms: Finite-difference method, force
constant extraction, convergence. Explanation: By displacing each inequivalent atom in each Cartesian
direction, one obtains the real-space force constants via Hooke's law. Example: A 2x2x2 supercell of Si (64
atoms) is often used to capture interactions up to second-nearest neighbors. Practical application: Enables
phonon calculations for systems where DFPT is not implemented (e.G., Certain hybrid functionals).
Challenges: Computational cost scales with the number of atoms; careful symmetry analysis is required to
reduce the number of displacements.

Symmetry-Adapted Displacements — set of atomic movements chosen to respect crystal symmetry,
minimizing the number of independent force calculations. Related terms: Irreducible representation, group
theory, displacement pattern. Explanation: By applying symmetry operations, one can generate all required
displacements from a reduced subset, saving computational effort. Example: In a cubic crystal, only one
displacement direction may be needed for each inequivalent atom due to symmetry equivalence. Practical
application: Reducing the total number of DFT calculations in a supercell phonon workflow. Challenges:
Manual identification of symmetry-adapted patterns is error-prone; automated tools (e.G., Phonopy) are
preferred.

Thermal Conductivity (k) — material property quantifying the ability to transport heat; in crystals, the lattice
contribution arises from phonons. Related terms: Fourier's law, phonon transport, Boltzmann equation.
Explanation: K = (1/3) X~ C_vv_g®T, where C_v is specific heat, v_g group velocity, and T phonon lifetime.
Example: Diamond exhibits a k of >2000W m™ K™ at room temperature due to high-velocity acoustic
phonons and long lifetimes. Practical application: Designing heat spreaders for electronic devices;
predicting performance of thermoelectric materials. Challenges: Accurate k requires converged third-order
force constants, dense g-meshes, and inclusion of isotope scattering.

Transverse Acoustic (TA) Mode — acoustic phonon polarization perpendicular to the propagation direction,
often slower than longitudinal acoustic modes. Related terms: Shear wave, sound velocity, polarization.
Explanation: TA modes dominate shear deformation and contribute significantly to low-temperature heat
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capacity. Example: In graphene, the out-of-plane acoustic (ZA) mode is a transverse acoustic branch with
quadratic dispersion near I'. Practical application: Assessing mechanical stability of 2D materials via TA
branch curvature. Challenges: Quadratic dispersion in low-dimensional systems can lead to divergent
contributions to thermal conductivity if not treated properly.

Umklapp Process — phonon-phonon scattering event where the sum of wavevectors exceeds a reciprocal
lattice vector, effectively reversing momentum flow. Related terms: Momentum conservation, thermal
resistance, high-temperature limit. Explanation: Umklapp processes dissipate heat, limiting lattice thermal
conductivity, especially at elevated temperatures. Example: In silicon, the dominant Umklapp scattering
involves two acoustic phonons combining to produce a phonon with wavevector beyond the Brillouin zone
edge. Practical application: Engineering materials with suppressed Umklapp scattering (e.G., Via
nanostructuring) to enhance k. Challenges: Accurate identification of Umklapp channels requires fine g-grid
sampling; neglected processes can overestimate k.

Van Hove Singularity — peak in the phonon density of states arising from critical points in the dispersion
where the gradient vanishes. Related terms: Saddle point, density of states, Brillouin-zone edge. Explanation:
At these points, many phonon states share similar frequencies, leading to enhanced vibrational
contributions to thermodynamic properties. Example: The PDOS of NaCl shows a Van Hove peak near
300cm™ associated with the flat optical branch at the X point. Practical application: Interpreting
specific-heat anomalies and Raman intensity variations. Challenges: Precise location of singularities depends
on fine g-sampling; coarse grids may smear out the peaks.

Zero-Point Energy (ZPE) — quantum mechanical energy present in the ground state of a vibrational mode, Eq
= 2h w. Related terms: Ground-state energy, vibrational contribution, isotope effect. Explanation: ZPE
contributes to the total energy of a crystal and can affect relative phase stability, especially for light atoms.
Example: The ZPE difference between hydrogen-rich and deuterated phases can shift the predicted
transition pressure by several GPa. Practical application: Including ZPE corrections when constructing phase
diagrams for light-element compounds. Challenges: Requires accurate phonon frequencies across the entire
Brillouin zone; errors in high-frequency modes disproportionately affect ZPE.

Zone-Center (I Point — point in reciprocal space where the wavevector g = 0; all atoms move in phase.
Related terms: Optical phonon, Raman active, infrared active. Explanation: At I, acoustic modes have zero
frequency, while optical modes retain finite frequencies due to relative motion of sublattices. Example: The
Raman-active E,g mode of graphite is observed at the I point. Practical application: Direct comparison of
calculated -point frequencies with experimental spectroscopic data. Challenges: Some DFT codes may treat
the I' point specially (e.G., Applying acoustic sum rule); improper handling can lead to spurious imaginary
acoustic modes.

Zone-Boundary (X, L, K) Points — high-symmetry points at the edges of the Brillouin zone where q reaches
the maximum allowed magnitude. Related terms: Brillouin-zone edge, band folding, soft mode. Explanation:
Phonon behavior at zone boundaries often reveals instabilities or strong electron-phonon interactions.
Example: The soft transverse acoustic mode at the X point in Nb triggers the charge-density-wave
transition. Practical application: Identifying potential structural phase transitions by monitoring frequencies
at zone-boundary points. Challenges: Accurate interpolation between calculated g-points is critical to
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resolve sharp features near these boundaries.

Zone-Folded Phonon — phonon mode that appears due to a reduction in Brillouin-zone size when the
crystal adopts a superstructure. Related terms: Superlattice, Brillouin-zone reconstruction, folded acoustic
branch. Explanation: The original dispersion is mapped into the reduced zone, creating additional branches
observable in Raman spectra. Example: In a 2x2x2 supercell of silicon, acoustic modes at the original X
point fold back to I, leading to extra low-frequency Raman peaks. Practical application: Analyzing phonon
signatures of ordered alloys and heterostructures. Challenges: Distinguishing folded modes from intrinsic
low-frequency vibrations requires careful symmetry analysis.

Zero-Wavevector (q = 0) Approximation — simplification that assumes phonon properties at the I' point
represent the entire Brillouin zone, often used for optical phonon calculations. Related terms:
Long-wavelength limit, dielectric response, effective mass. Explanation: For polar materials, the LO-TO
splitting at I captures the essential macroscopic field effects, but neglects dispersion elsewhere. Example:
Estimating the dielectric constant from the LO phonon frequency using the Lyddane-Sachs-Teller relation.
Practical application: Rapid screening of polar materials where full dispersion is unnecessary. Challenges:
Inaccurate for materials with strong dispersion or multiple optical branches; may miss critical features such
as Kohn anomalies.

Zone-Center Acoustic Sum Rule — condition that the sum of all force constants acting on a displaced atom
must vanish, ensuring zero frequency for acoustic modes at I'. Related terms: Translational invariance,
acoustic sum rule, force constant matrix. Explanation: Enforcing the sum rule corrects numerical errors that
could otherwise produce spurious acoustic frequencies. Example: Phonopy automatically applies the
acoustic sum rule after extracting force constants from finite-difference calculations. Practical application:
Guarantees physically meaningful acoustic branches in the final dispersion plot. Challenges: In large
supercells with noisy forces, the sum rule correction may mask underlying convergence problems.

Zero-Temperature Phonon Calculations — phonon spectra computed without thermal expansion or
anharmonic effects, representing the ground-state lattice dynamics. Related terms: Harmonic
approximation, static lattice, ground-state frequencies. Explanation: These calculations are typically
performed at the equilibrium lattice parameters obtained from a 0K DFT relaxation. Example: The phonon
dispersion of AIN at 0K shows a clear LO-TO splitting that matches low-temperature Raman measurements.
Practical application: Baseline for comparing temperature-dependent shifts obtained from QHA or
molecular dynamics. Challenges: Neglects thermal expansion; for materials with strong anharmonicity,
zero-temperature results may deviate significantly from experimental data.

Zero-Point Renormalization (ZPR) — modification of electronic band edges due to electron-phonon coupling
evaluated at the quantum zero-point vibrational state. Related terms: Band gap renormalization,
electron-phonon interaction, temperature dependence. Explanation: Even at 0K, lattice vibrations alter the
electronic structure, typically reducing band gaps in semiconductors. Example: The ZPR of the Si band gap is
~-50meYV, as obtained from DFPT-based EPC calculations. Practical application: Improving the accuracy of
band-gap predictions for optoelectronic materials. Challenges: Requires dense k- and g-meshes;
convergence can be slow for indirect-gap materials.
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Zero-Point Motion — quantum fluctuations of atomic positions arising from the ground-state vibrational
energy. Related terms: ZPE, Debye-Waller factor, isotopic effect. Explanation: Zero-point motion can
influence structural stability, especially for light elements like hydrogen. Example: In high-pressure
hydrogen, zero-point motion stabilizes certain metallic phases that are otherwise energetically unfavorable.
Practical application: Accounting for ZPM when evaluating phase diagrams of hydrogen-rich compounds.
Challenges: Accurate assessment demands precise phonon frequencies across the Brillouin zone; errors
propagate into predicted phase boundaries.

Zero-Point Volume Expansion — increase of the equilibrium lattice volume due to zero-point vibrational
pressure. Related terms: Quantum pressure, lattice constant, Griineisen parameter. Explanation: Even at
absolute zero, the zero-point vibrational contribution to the free energy can shift the minimum of the total
energy curve. Example: The lattice constant of diamond expands by ~0.01A when ZPE is included. Practical
application: Refining theoretical predictions of equilibrium structures for high-precision crystallography.
Challenges: Small magnitude makes it sensitive to numerical noise; requires highly converged phonon
calculations.

Zero-Frequency Mode — phonon mode with w = 0, typically the acoustic modes at I'; may also indicate a
Goldstone mode associated with broken continuous symmetry. Related terms: Goldstone theorem, acoustic
sum rule, translational invariance. Explanation: Zero-frequency modes reflect invariance under uniform
translations (or rotations) of the lattice. Example: The rotational mode of a free molecule embedded in a
crystal manifests as a zero-frequency mode in the phonon spectrum. Practical application: Identifying
symmetry-related constraints in force-constant fitting procedures. Challenges: Numerical inaccuracies can
lift the zero frequency, leading to artificial gaps or spurious instabilities.

Zero-Frequency Instability — situation where a mode that should be zero due to symmetry acquires a small
imaginary frequency, indicating a computational artifact. Related terms: Acoustic sum rule, numerical noise,
convergence. Explanation: This often stems from insufficient k-point sampling, incomplete relaxation, or
inadequate force convergence. Example: An acoustic mode of a cubic crystal displays a tiny imaginary
component (Zero-Temperature Lattice Parameter — equilibrium lattice constant obtained from a static DFT
calculation without thermal contributions. Related terms: Ground-state geometry, zero-point expansion,
experimental extrapolation. Explanation: Serves as the reference point for subsequent QHA or anharmonic
analyses. Example: The DFT-PBE zero-temperature lattice constant of Ge is 5.78 A, slightly larger than the
experimental value extrapolated to OK. Practical application: Baseline for computing thermal expansion
coefficients via QHA. Challenges: Choice of exchange-correlation functional influences the zero-temperature
lattice parameter; systematic errors must be considered.

Zero-Temperature Phonon Dispersion — phonon frequencies calculated at the static lattice geometry,
representing the harmonic spectrum at OK. Related terms: Harmonic approximation, static lattice,
ground-state phonons. Explanation: Provides a reference for assessing temperature-induced shifts and
anharmonic effects. Example: The calculated phonon dispersion of MgO at 0K matches low-temperature
neutron scattering data after applying a small scaling factor. Practical application: Benchmarking DFPT
implementations across different DFT codes. Challenges: For materials with strong temperature
dependence, zero-temperature dispersion may deviate significantly from room-temperature measurements.
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Zero-Temperature Electronic Structure — electronic band structure obtained from a DFT calculation at the
static lattice geometry, without thermal smearing. Related terms: Ground-state DFT, Fermi-Dirac smearing,
band gap. Explanation: Serves as the electronic input for DFPT phonon calculations; any errors propagate to
vibrational properties. Example: Using a dense k-mesh and a small smearing parameter yields an accurate
metallic Fermi surface for aluminum, essential for reliable EPC calculations. Practical application: Ensuring
that metallic systems are treated with appropriate smearing to avoid artificial phonon instabilities.
Challenges: Balancing smearing (to aid SCF convergence) with the need for sharp electronic states; excessive
smearing can mask Kohn anomalies.

Zero-Point Energy Correction — additive term to the total energy accounting for the quantum vibrational
energy of all phonon modes. Related terms: ZPE, phonon contribution, total energy. Explanation: The
correction is 22 hw_i summed over all phonon modes i in the Brillouin zone. Example: Adding a ZPE
correction of 0.15EV per formula unit can shift the relative stability of two polymorphs of SiO,. Practical
application: Constructing accurate phase diagrams for light-element compounds where ZPE differences are
non-negligible. Challenges: Requires well-converged phonon frequencies; coarse g-grids can underestimate
the ZPE, leading to systematic errors.

Zero-Temperature Thermal Conductivity — theoretical limit of lattice thermal conductivity as temperature
approaches 0K, where only boundary and impurity scattering remain. Related terms: Ballistic transport,
phonon mean free path, low-temperature limit. Explanation: In the harmonic limit, intrinsic phonon-phonon
scattering vanishes, yielding an effectively infinite k limited only by extrinsic mechanisms. Example:
Experimental measurements of k in high-purity single-crystal silicon show a divergence as T — 0K,
consistent with the harmonic prediction. Practical application: Benchmarking computational methods
against low-temperature experimental data to validate phonon lifetimes. Challenges: Modeling extrinsic
scattering (e.G., Isotope disorder) accurately requires inclusion of additional scattering terms beyond pure
anharmonic calculations.

Zero-Frequency Acoustic Mode — the three acoustic branches at I' with exactly zero frequency, reflecting
translational invariance in three dimensions. Related terms: Acoustic sum rule, Goldstone mode, lattice
translation. Explanation: These modes correspond to uniform translations of the entire crystal along x, y, and
z directions. Example: In a cubic crystal, the acoustic dispersion curves intersect the origin at zero frequency
with linear slopes. Practical application: Verifying that the dynamical matrix satisfies the acoustic sum rule
during force-constant extraction.
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