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https://news.mit.edu/2010/explained-phonons-0706



 Phonons are quantized vibrations within a crystal.

 They correspond to the behavior of heat and sound in lattice 

systems.

A BRIEF HISTORY OF PHONONS

C. Kittel, in Introduction to Solid State Physics, 8th ed. https://www.sciencedirect.com/science/article/pii/S2666647221000142



PHONONS TO BONDING STRENGTH

 Bonds between atoms act similar to simple harmonic 

oscillators:

 Vibrations between these bonds represent phonons

 Allows the calculation of force constants between 

atoms

 Through Hooke’s law, force constants are synonymous 

with bonding strength.

 Although software calculation of force constants is 

commonplace given a lattice, there’s little research on 

how these force constants depend on distances and 

elemental properties for many different lattices.

https://www.tf.uni-kiel.de/matwis/amat/iss/kap_4/illustr/s4_1_2.html



PHONON CALCULATIONS

 Bonds between atoms in a crystal act and are 

modeled as simple harmonic oscillators (e.g. springs)

 The crystal’s potential energy is expanded with 

respect to the atomic displacements.

 Using classical physics, phonons can be calculated 

by diagonalizing the harmonic Hamiltonian.

 Computation of all bonds in a lattice as harmonic 

oscillators are done through computation utilizing 

DFT and periodic boundary conditions.

C. Kittel, in Introduction to Solid State Physics, 8th ed. 

https://www.damtp.cam.ac.uk/user/tong/aqm/aqmfour.pdf

Rest of Images cited from Wikipedia



CALCULATE FORCE CONSTANTS FROM PHONOPY

Primitive Cell

“Introduction to phonopy” Available: https://docplayer.net/174700706-Introduction-to-phonopy.html.

The Finite Difference Method

Supercell



BRIEF INTRO TO THE PHONON DATABASE

Database Link: http://phonondb.mtl.kyoto-u.ac.jp/ph20180417/index.html

Material ID 

Number

Symmetry 

Number

 Each compound within the database gives a 

download link containing the compound’s:

 Unitcell (POSCAR)

 k-point mesh (KPOINTS)

 Pseudopotentials & Exchange functionals (POTCAR)

 Control parameters for Phonopy or VASP (INCAR)



SPACE GROUPS

 The symmetry number for each compound details 

the respective numerical index of the 

corresponding space group that the material is 

classified in.

 Each numerical index details the usage of different 

rotational and translational matrices and vectors to 

create the given lattice defined.

 The space groups can be further divided into sub-

groups that determine the type of lattice symmetry

(Triclinic, trigonal, orthorhombic, cubic, etc...)

https://mathstat.slu.edu/escher/index.php/Introduction_to_Symmetry



FORCE CONSTANTS IN THE FORM OF TRACES

 One major flaw: Multiple rotational-symmetry transformations for each 

atomic pair impact the atoms' displacement. 

 Foreman-Lomer Theorem resolves this by stating that traces of the force 

constant matrices remain unchanged since the phonon values uniquely 

determine them.

 These traces represent bond strengths!

https://www.tutorialexample.com/understand-the-trace-of-a-matrix-for-beginners-deep-learning-tutorial/

https://www.shutterstock.com/image-illustration/spring-between-two-balls-power-opposition-3073446



TRACE VS. DISTANCE CALCULATIONS OF A SINGLE COMPOUND: 

The coordinates detailing each atom’s position

in the supercell are given in SPOSCAR (one of 

the outputs of Phonopy).

Atom 1 & Atom 2 Pair

Atom 1 & Atom 3 Pair

Atom 1 Position

Atom 2 Position

Atom 3 Position

FORCE_CONSTANTS:

SPOSCAR (Supercell):

Matrix

The force constants on the supercell are given 

in the matrix notation of each atom pair.



BRIDGES-2 SUPERCOMPUTER

 Used supercomputer for data analysis

calculations

 Simply create a bash script and paste in code 

and parameters to use the supercomputer.

 Utilize parallel computing for faster 

computation times throughout.

 Out of over 10034 compounds from the 

database, over 1077 cubic compounds 

extracted and 2774451 bonds analyzed.

 Through symmetry analysis using the 

supercomputer, 103181 bonds were used for 

results.

https://www.hpcwire.com/off-the-wire/bridges-2-begins-production-operations/

https://www.teldat.com/blog/parallel-computing-bit-instruction-task-level-parallelism-multicore-computers/



BOND DISTANCE VS. BOND STRENGTH FOR ALL CUBIC COMPOUNDS



IONIC AND COVALENT-METALLIC BONDS



BOND STRENGTH VS. ATOMIC NUMBERS



COMPARISON OF PREVIOUS FORCE CONSTANTS RESEARCH

G. R. Somayajulu , "Dependence of Force Constant on Electronegativity, Bond Strength, and Bond Order. VII", J. Chem. Phys. 28, 814-821 (1958).



MACHINE-LEARNING MODEL

𝑅2 = 0.934088 𝑀𝑆𝐸 = 38.014786

𝑚𝑡𝑟𝑎𝑖𝑛 = 0.8580902 𝑚𝑡𝑒𝑠𝑡 = 0.8457107



SUMMARY

 Calculating phonon frequencies in many cubic compounds 

enables one to understand bond strengths, representing traces 

of the force constant matrices within solids.

 Data optimization shows the simple physics that relates 

distance to bond strength.

 Analysis of elemental properties lines up with previous research

on the force constants on bonds with the same element.

 As with machine learning, the model can fit and potentially 

predict bond strengths. https://www.tf.uni-kiel.de/matwis/amat/iss/kap_4/backbone/r4_1_3.html



TAKEAWAYS AND FUTURE EFFORTS

 One should add new information to or clean the dataset to improve model efficiency

 Expand to other space groups for more data and check to see if the model can predict the traces 

from these groups.

 For the three-dimensional plots, ignore traces with zero distance.

 Revise all code for unforeseeable errors.
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DENSITY-FUNCTIONAL THEORY (HOHENBERG-KOHN)

DFT allows the ground-state energy 𝐸 from the Schrödinger 

equation to be a functional of the electron density:

ρ 𝒓 =෍

𝑖

𝑁

ψ𝑖 𝒓
2 → 𝐸 = 𝐸 ρ 𝒓

Schrödinger equation: Bloch’s Theorem in Solids (Periodic Cells):

Result: one can create an equally-spaced “mesh,” 

which allows one to calculate ρ 𝒓

𝜓 𝑥 + 𝑎 = 𝑒𝑖(𝑘∙𝑎) 𝜓 𝑥

Wolverton, C., “MSE 458 Atomic-Scale Computational Materials Science.” Northwestern University. Oses, C., “Introduction to DFT: VASP.” Duke University


