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Density Functional Theory: Basic facts
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❑ Is DFT a mean field theory?!

 No, DFT is a map from the many-body system to the Kohn–Sham Auxiliary System.

❑ Is DFT an approximation?!

No, DFT is an exact theorem. The approximations comes only through the Exchange-Correlation (XC) functionals.

❑ Does one-particle Schrodinger equation (SE) mean that there is only one particle in the system?!

No, it means that the electron-electron interaction is ignored or mean-field integrated or is included into XC 
functionals. So, the many-body SE can be written as independent one-particle SE’s.

❑ Is DFT an intuitive theorem?!

Yes, just look at the Poisson equation:



One-particle Schrodinger Equation
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General form:



One-particle Schrodinger Equation
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Matrix form:

Variational form:



One-particle Schrodinger Equation

5

Method Basis set

LCAO Method (Linear Combination of Atomic Orbitals)

Plane-Wave Method

Orthogonalized-Plane-Wave Method

Pseudopotential Method

Augmented-Plane-Wave Method

Green Function or KKR Method 

LMTO Method (Linear Muffin-Tin Orbital)



Density Functional Theory: The Hohenberg–Kohn Theorems
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• Theorem I: The ground-state wavefunction and therefore the ground-state energy is a unique functional of the 
ground-state electron density. This is true for the ground-state expectation value of any observable physical 
quantity.

• Theorem II: The energy as a functional of the density takes its minimum at the true ground-state density.

• Thus, the many-body SE can be mapped to a one-particle fictitious system: The one-particle Kohn–Sham 
Auxiliary System!



Density Functional Theory: The Kohn–Sham System
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The many-body system :

The KS system:



Density Functional Theory: The Kohn–Sham Theorem
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The Kohn–Sham System:



Density Functional Theory: The Kohn–Sham Theorem
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The Kohn–Sham System:



Density Functional Theory: XC Functional

10

The XC functional:

෤𝑔(𝑟, 𝑟’) is a mean of the pair distribution function over the coupling strength.

There are two main approximation for XC functional:

1. LDA: Local density approximation

2. GGA: Generalized gradient approximation 



Spin Density Functional Theory
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The potential includes the exchange field as well:

Now, observables are functional of both charge density and magnetization:

And the KS equation:



Spin Density Functional Theory
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Spin-polarized system:

The XC Functional:

Spin-orbit coupling:



Density Functional Theory: Self-consistent solution
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Magnetism: Fundamentals 
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➢ Exchange interaction: Direct Exchange, Indirect Exchange, Superexchange, Double Exchange

➢ Magnetic order: random(PM), collinear(FM, AFM), noncollinear(AFM)

➢ Characterization parameters: Magnetization, Susceptibility, Critical temperature

➢ Characterization tools: Temperature, Light, External Field

➢ Spins: classical vectors, (bosonic) quasiparticle

➢ Phase transitions: FM @ Curie Temperature, AFM @ Neel Temperature



Magnetism: Magnetic materials
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Magnetism: Quantum Theory
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➢ Local Moment Magnetism: localized electrons 

➢ Itinerant Magnetism: delocalized electron



Magnetism: Exchange interaction
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Magnetism: Exchange interaction

18



Magnetism: Exchange interaction
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➢ Energy difference:

➢ Exchange energy (Heisenberg exchange parameter): 

➢ The eigenvalue of the square of the total spin S = s1 + s2 is zero in the singlet state (S = 0) and two in the triplet 
state (S = 1), therefore, we can define an effective Hamiltonian,

➢ Heisenberg exchange Hamiltonian



Magnetism: Hamiltonian Models
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Magnetism: Elementary Excitations
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➢ Magnetic moments are not static.

➢ Thermal or quantum fluctuations result in spin wave excitations (magnon).



Magnons from Density Functional Theory
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There are two ways to obtain magnon dispersion from DFT:

1. The first method is to extract magnon dispersion directly from DFT calculations:

a) TDDFT (real-time time-dependent DFT) 

b) Dynamic transverse magnetic susceptibility (Linear response)

c) …

2. The second method is to obtain the Heisenberg exchange constants from DFT:

a) Spin spiral (Frozen magnon)

b) Magnetic force theorem

c) Multiple Scattering Theory (Green’s Functions)

d) …



Magnon Dispersion from real-time TDDFT
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TDKS equation:

https://doi.org/10.1002/pssb.201900654

https://doi.org/10.1002/pssb.201900654
https://doi.org/10.1002/pssb.201900654


Magnon Dispersion from Transverse Magnetic Susceptibility
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Dynamic transverse magnetic susceptibility within linear response theory:

https://doi.org/10.1103/PhysRevB.97.024420



Exchange parameters from DFT: spin spiral
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Exchange parameters from DFT: spin spiral
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https://doi.org/10.1103/PhysRevB.88.134427



Exchange parameters from DFT: Magnetic Force Theorem
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➢ Total energy:

➢ Exchange tensor:

➢ Energy change via rotation of magnetic moment:

➢ Therefore:

➢ Kohn–Sham susceptibility:

➢ Isotropic Heisenberg model:



Exchange parameters from DFT: Magnetic Force Theorem
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https://doi.org/10.1088/1361-648X/acab4b



Exchange parameters from DFT: Green functions
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➢ Multiple Scattering Theory (KKR):

➢ KS formalism:



Exchange parameters from DFT: Green functions
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BCC Fe:

https://doi.org/10.7566/JPSJ.88.114706
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Any 
Questions?
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