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Feliciano Giustino, Materials Modeling using Density Functional Theory (2014)



10 more professors in
Chemistry, ECE, ME, Materials E, …



Computational Materials Physics
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Thousands of Physicists
Billions of dollars

Bad for environment

Some chemists
$5

Eco-friendly
What would you do first?



Density Functional Theory
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Density Functional Theory

Clamped nuclei

single-electron many-electron 
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Independent electron approximation Slater determinant

You’ve never heard spin today… but works perfectly for a magnetic system as well.



Density Functional Theory

single-electron many-electron 
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Hartree or mean-field approximation

Self-consistent field method



Density Functional Theory

single-electron many-electron 
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Including exchange interaction

Self-interaction for localized orbitals Nonlocal



Density Functional Theory
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Hohenberg-Kohn theorem

Nobel prize in Chemistry 1998

Schwinger’s student

The ground state energy of a many-electron system is expressed as a functional of the electron density!

Density Functional Theory!



Density Functional Theory
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Hohenberg-Kohn theorem

Nothing but just Hartree potential…

Kohn-Sham equation



Density Functional Theory

10 Feliciano Giustino, Materials Modeling using Density Functional Theory (2014)
Richard D. Mattuck, A Guide to Feynman Diagrams in the Many-Body Problem (1992)

But how can we determine exchange-correlation potential?

From stochastic Monte Carlo

Assume homogeneous electron gas first

First two terms are by Gell-Mann and Brueckner (1957)



Density Functional Theory
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Self-consistent calculation! Energy, charge density



Planewaves Representation
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Periodicity is implemented automatically

real space representation requires too many data points to solve the differential equation

Np ~ 200

Expensive part



Pseudopotential
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Norm-conserved Pseudopotential
Ultrasoft Pseudopotential

Projector Augmented Wave



Total Energy and Eigenfunctions
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15 Wu, Vanderbilt, and Hamann, Systematic treatment of displacements, strains, and electric fields in density-functional perturbation theory, Physical Review B 72, 035105 (2005)

Taylor Expansion of the Total Energy

What are we going to do with the energy?
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Taylor Expansion of the Total Energy
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Forces Polarization Stress

Harmonic force 
constants

Dielectric 
susceptibility

Elastic moduli Born-effective 
charges

Force response 
of the internal 
strain tensor

Piezoelectric 
strain tensor

Nonlinear 
susceptibility

Raman susceptibility 
matrix elements

Elasto-optic 
tensor



Taylor Expansion of the Total Energy
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Hellmann-
Feynman

Modern 
Theory of 
Polarization

Stress 
Theorem

DFPT

2n+1 theorem
Finite electric field

pijµν ≈
∆(ε−1

ij )(η+)−∆(ε−1

ij )(η−)

2ηµν
+O(η2).

Finite difference method

DFPT
Finite electric field

DFPT DFPTDFPT
Finite electric field

DFPT
Finite electric field

2n+1 theorem
Finite electric field

2n+1 theorem
Finite electric field



First-Principles Study of Pockels 
Effect in Tetragonal BaTiO3

Inhwan Kim 
Department of Physics, The University of Texas at Austin

2023 November 13th PMA 11.176
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Qualifier Presentation
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Magnetic Property
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Dynamics at a phase boundary
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Dynamics at a phase boundary
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Linear Electro-Optic response
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Linear Electro-Optic response
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And hopefully paper 4 and 5 this year…



Outline of the Qualifier Presentation

• Linear electro-optic effect and Silicon photonics

• Tetragonal BaTiO3 as a promising EO material

• Structural consideration

• Clamped Pockels tensor – Ionic contribution

• Unclamped Pockels tensor – Piezo contribution

2



Introduction: Silicon Photonics

• Moore’s law is still working!

• However, both power dissipation and clock speed are currently limiting factors. 
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Introduction: Silicon Photonics

Mach-Zehnder interferometer

Optical computing in silicon

Demkov et al., J. Appl. Phys. 130, 070907 (2021)
Sinatkas et al., J. Appl. Phys. 130, 010901 (2021)4



Introduction: Electro-Optically Active Materials

Guo, Demkov et al., J. Vac. Sci. Technol. A 39(3) (2021)
Agham, Demkov et al. Appl. Matter. Interfaces 13, 51230 (2021) 

• Bulk tetragonal BaTiO3 is one of the best candidates for the EO material for Si photonics platform

• More theoretical studies are needed to understand the electro-optic properties of BTO

2

Industry standard

Best for the Si 
platform

For BTO system



Introduction: Ferroelectric

• Linear electro-optic effect is only allowed in a crystal without inversion symmetry

• More theoretical studies are needed to understand the electro-optic properties of BTO

2

Displacive type 
BaTiO3

Order-disorder type 
LiNbO3



Computational Details

DFT and DFPT calculation:

LDA exchange-correlation with norm-conserving pseudopotentials

For non-linear term, 2n+1 theorem with PEAD formulation

12x12x12 k-point

1000 eV energy cut off

10-5 eV/Angstrom

3x3x3 supercell

3x3x3 k-point

Nudged elastic band (NEB) calculation

LO-TO splitting (non-analytical term) is considered



Self-consistent phonon

3

Harmonic phonon:
the force acting on atom l to alpha direction when atom m is moved along beta direction and all the other atoms are fixed.

Φαβ(lm)

In contrast, self-consistent phonon:
the force acting on atom l should rather be derived by regarding the other atoms as moving. This gives rise to the notion of an
effective restoring force. It is defined as a thermodynamical average of the restoring forces, taken over all configurations of the
other atoms and weighted with the probability of each configurations.

SCHA is formally again harmonic, the true lattice system is to be approximated by some other effective harmonic lattice whose
force constants and lattice parameter are to be optimally adjusted.
The renormalized force constants are obtained from a self-consistency condition. Self-consistency is achieved by replacing the 
normal harmonic force constants by effective force constants which are thermal averages with respect to the effective harmonic
Hamiltonian.



The Linear Electro-Optic Response: the Pockels Effect

3 Veithen, Gonze, Ghosez, Phys. Rev. Lett. 93, 187401 (2004)
Veithen , Gonze, Ghosez, Phys. Rev. B. 71, 125107 (2005)



The Linear Electro-Optic Response: the Pockels Effect

Raman susceptibility 
tensor

Unclamped EO tensor

Mode polarity
Elasto-optic tensor

Piezoelectric tensor

Phonon

3 Veithen, Gonze, Ghosez, Phys. Rev. Lett. 93, 187401 (2004)
Veithen , Gonze, Ghosez, Phys. Rev. B. 71, 125107 (2005)

Pockels tensor



: The equilibrium condition of electric enthalpy F

The Linear Electro-Optic Response: the Pockels Effect

Electric enthalpy is defined as,



The Linear Electro-Optic Response: the Pockels Effect

Raman susceptibility 
tensor

Unclamped EO tensor

Mode polarity
Elasto-optic tensor

Piezoelectric tensor

Phonon

3 Veithen, Gonze, Ghosez, Phys. Rev. Lett. 93, 187401 (2004)
Veithen , Gonze, Ghosez, Phys. Rev. B. 71, 125107 (2005)



Phonon part

eigendisplacement
Phonon

3 Veithen, Gonze, Ghosez, Phys. Rev. Lett. 93, 187401 (2004)
Veithen , Gonze, Ghosez, Phys. Rev. B. 71, 125107 (2005)



Phonon part

Raman susceptibility 
tensor

Unclamped EO tensor

Mode polarity
Elasto-optic tensor

Piezoelectric tensor

Phonon

3 Veithen, Gonze, Ghosez, Phys. Rev. Lett. 93, 187401 (2004)
Veithen , Gonze, Ghosez, Phys. Rev. B. 71, 125107 (2005)



Raman susceptibility part

Raman susceptibility 
tensor

3 Veithen, Gonze, Ghosez, Phys. Rev. Lett. 93, 187401 (2004)
Veithen , Gonze, Ghosez, Phys. Rev. B. 71, 125107 (2005)



Mode polarity part

Raman susceptibility 
tensor

Unclamped EO tensor

Mode polarity
Elasto-optic tensor

Piezoelectric tensor

Phonon

3 Veithen, Gonze, Ghosez, Phys. Rev. Lett. 93, 187401 (2004)
Veithen , Gonze, Ghosez, Phys. Rev. B. 71, 125107 (2005)



Piezoelectric part

Raman susceptibility 
tensor

Unclamped EO tensor

Mode polarity
Elasto-optic tensor

Piezoelectric tensor

Phonon

3 Veithen, Gonze, Ghosez, Phys. Rev. Lett. 93, 187401 (2004)
Veithen , Gonze, Ghosez, Phys. Rev. B. 71, 125107 (2005)



Elasto-optic part

Raman susceptibility 
tensor

Unclamped EO tensor

Mode polarity
Elasto-optic tensor

Piezoelectric tensor

Phonon

3 Veithen, Gonze, Ghosez, Phys. Rev. Lett. 93, 187401 (2004)
Veithen , Gonze, Ghosez, Phys. Rev. B. 71, 125107 (2005)



Pockels response in rhombohedral BaTiO3

Imaginary phonon modes in the P4mm phase make the calculation difficult

(T
H
z)

Imaginary!
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Structural Problem: imaginary phonon mode in P4mm BaTiO3

Imaginary phonon modes in the P4mm phase make the calculation difficult

(T
H
z)

Imaginary!
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Structural Problem: P4mm as average Cm structure

Senn et al., Phys. Rev. Lett. 116, 207602 (2016)
Tsuda et al., Appl. Phys. Express 9, 071501 (2016)

• In recent experiments, the high symmetry structures are microscopically averaged over low-symmetry phase

• We assume our tetragonal structure is microscopically averaged over [111]-displacement.

5

Other experiment results from the other 
presentations by Dr. Kotiuga



Structural Problem: P4mm as average Cm structure

Senn et al., Phys. Rev. Lett. 116, 207602 (2016)
Tsuda et al., Appl. Phys. Express 9, 071501 (2016)

• In experiments, the P4mm tetragonal structure is microscopically averaged over [111]-displacement.
• Energy barrier is much higher to flip the macroscopic polarization direction.

5



Ionic Electro-Optic Response: Phonon

6

NO imaginary values



Ionic Electro-Optic Response: Raman and Mode Polarity
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• The lowest frequency mode shows the strongest Raman response.
• Combined with the mode polarity, mode 4 contributes to Pockels tensor significantly.

Raman susceptibility 
tensor

Mode polarity
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Ionic Pockels tensor for Cm BaTiO3

8 Zgonik et al., Phys. Rev. B 50, 5941 (1994)

Exp. 



Difference between Raman active and inactive mode

• Active mode changes the orbital overlap and bond length significantly.
• Inactive mode shows the translation characteristic.

Out-of-phase In-phase

Active Inactive

9



Piezo Electro-Optic tensor

• Cm phase provides a better explanation of piezo EO tensor compared to P4mm phase

Elasto-optic tensor

Piezoelectric tensor
Finite difference method

Detraux and Gonze , Phys. Rev. B. 63, 115118 (2001) 
Bellaiche et al., Phys. Rev. Lett. 115, 267602 (2015)

Cm phase gives the better result

Main contribution for r42

Main contribution for r42

10
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Conclusions

• Piezoelectric electro-optic response contributes almost a half of the Pockels tensor

• Cm averaged tetragonal phase better explains the linear electro-optic response than P4mm 

• Strong EO response comes from the combination of a low phonon frequency and Raman-active 
mode.

Unclamped Pockels tensor
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Zgonik et al., Phys. Rev. B 50, 5941 (1994)

[111]-averaged tetragonal phase
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Future work

• Identifying microscopic origin in LiNbO3

• Calculating Pockels response in KTa0.5Nb0.5O3

• Calculating ionic and piezo Pockels response in VASP using finite difference

• Exploring the how the domain structure affect the Pockels response

11



Supplementary materials



𝑟"#$: Pockels coefficient (tensor) or electro-optic tensor

𝑅: coordinate, 𝜂: strain, 𝐸: electric field

Expand the full  differential of the dielectric tensor into electronic, ionic, and piezoelectric contributions

Piezoelectric termIonic term

The Linear Electro-Optic Response: the Pockels Effect



Clamped Electro-Optic Response

Electronic Pockels tensor
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Zgonik et al., Phys. Rev. B 50, 5941 (1994)

• Cm phase provides a better explanation of piezo EO tensor compared to P4mm phase



Elasto-Optic Tensor Test Calculations

LDA PBE PBEsol LDA (QE) Other theory references Experiment

Si

𝑝11 −0.0914 −0.105 −0.0971 −0.101 −0.098, −0.111 −0.094

𝑝12 0.0124 0.0121 0.0152 0.010 0.007, 0.020 0.017

Diamond

𝑝11 −0.261 −0.268 −0.262 −0.263 −0.264 −0.248

𝑝12 0.0734 0.0471 0.0717 0.061 0.076 0.044

NaCl

𝑝11 0.0727 0.101 0.0943 0.058 0.077 0.155

𝑝12 0.16 0.163 0.171 0.153 0.157 0.161

MgO

𝑝11 −0.3 −0.292 −0.2859 −0.299 −0.310, −0.218 −0.259

𝑝12 −0.42 −0.0545 −0.04627 −0.042 −0.050, 0.013 −0.011

• Finite difference to calculate the elasto-optic tensor (Voigt notation)

• The test calculation describes the elasto-optic tensor fairly well compared to corresponding experiment value


