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First-principles calculations

Throughout the talk:

– Density-functional theory

– Local-density approximation

– Plane-wave pseudopotential approach

– ABINIT, VASP, PWSCF packages
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Outline

• Introduction
– Epitaxial perovskite superlattices
– Unusual dielectric properties

• Theory of nonlinear dielectric behavior
– Finite electric field E

– Mapping E(P)
– Electric equations of state: P(E), E(P), P(D), etc.

– Layer-by-layer spatial resolution of P
• Work in progress: Model for P(D) of superlattice
• Summary and conclusions
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Advances in epitaxial growth
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Cubic perovskite family

Paraelectric Ferroelectric

P

BTO = BaTiO3STO = SrTiO3

Examples:
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Nature 419, 378 (2002).

Advances in epitaxial growth

SrTiO3 / LaTiO3
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High-resolution Z-contrast STEM:
J. Zuo and H. Chen, MSE at UIUC

STO
BTO
CTO

(SrTiO3)
(BaTiO3)
(CaTiO3)

Advances in epitaxial growth

See also Sai, Meyer, and Vanderbilt,
PRL 84, 5636 (2000).
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Nature 433, 395 (2005).

Advances in epitaxial growth
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Exquisite control of epitaxy now possible !

Advances in epitaxial growth

Courtesy H.-N. Lee
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substrate

film

Epitaxy Constraints

substrate

film

Modifies ferroelectric behavior

(topic of another talk)
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substrate

film

Electrical boundary conditions

substrate

film

P1

P2

Modifies ferroelectric behavior

(topic of this talk!)
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Example 1: BT/ST superlattices: Neaton & Rabe APL (2003)
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Example: m=3, n=2:   …/Ba/Ba/Ba/Sr/Sr/…

Ba Ba Ba Sr Sr

Superlattice layer
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1 (Bulk BT)

Expectation ?

Example 1: BT/ST superlattices: Neaton & Rabe APL (2003)
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P
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STP

STP

Dz = ε0 Ez + Pz   constant

Example 1: BT/ST superlattices: Neaton & Rabe APL (2003)
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Nahkmanson, Rabe, & Vanderbilt, APL 87, 102906 (2005).
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Inversion symmetry?
CTO
STO
BTO

222+ NO

STO
BTO

CTO
222- NO

CTO STO

BTO
1212 YES

CTO
STO

BTO
422+ NO

Example 2: Warusawithana, Colla, Eckstein, and Weissman, 2003
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222+ 222-

1212 422+

Example 2: Warusawithana, Colla, Eckstein, and Weissman, 2003



9th Asian Workshop on Electronic Structure, Seoul, Korea, November 6, 2006

Desired theory should describe:

V

L

V
=!LA

LB

LA

LB

A

A

B

B

L

P: Polarization
E: Energy
E: Electric field
D: Displacement field

• Prediction of Ps by itself is not enough

• Want full P(E) curve!
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Outline

• Introduction
– Epitaxial perovskite superlattices
– Unusual dielectric properties

• Theory of nonlinear dielectric behavior
– Finite electric field E

– Mapping E(P)
– Electric equations of state: P(E), E(P), P(D), etc.

– Layer-by-layer spatial resolution of P
• Work in progress: Model for P(D) of superlattice
• Summary and conclusions
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Electric Fields: The Problem

Easy to do in practice:

But ill-defined in principle:

Zener tunneling  ⇒  There is no ground state!
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Electric Fields: The Problem

•          is not periodic
• Bloch’s theorem does not apply
•     acts as singular perturbation

on eigenfunctions
•          not bounded from below
• There is no ground state

ψ(x) is very
messy
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• Empirical and phenomenological approaches:
No problem.

• First-principles approaches:
Smart enough to become confused!

Electric Fields: The Problem

E

E
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Electric Fields: The Solution

• Seek long-lived resonance
• Described by Bloch functions
• Minimizing the electric enthalpy functional

(Nunes and Gonze, 2001)

Usual EKS

Berry phase polarization

• Justification:

I. Souza, J. Iniguez, and D. Vanderbilt
“First-Principles Approach to Insulators in Finite Electric Fields”

Phys. Rev. Lett. 89, 117602 (2002).
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Electric Fields: Justification

Seek
long-lived
metastable

periodic
solution
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Electric Fields: Limitation

• There is a limitation!
• For given E-field, there is a limit on k-point sampling
• Length scale LC = 1/Δk
• Meaning: LC  = supercell dimension

Nk = 8
Lc = 8a

• Solution: Keep Δk  >  1/Lt  =  ε/Eg
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Electric Fields: Implementation

As long as Δk is not too small:

• Can use standard methods to find minimum

• The ε · P term introduces coupling between k-points

π/a–π/a 0
k
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Sample Application: Born Z*

2.242.102.142.00

2.282.042.182.07

AlPGaPAlAsGaAs

(Literature values)

(Souza,Iniguez, & Vanderbilt, 2002)
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We can now do calculations like this

A

A

B

B
A

B

Specified E
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But E is not a good choice of dependent variable!

E

Unstable

Metastable

Sai, Rabe, and Vanderbilt, PRB 66,
104108 (2002).



9th Asian Workshop on Electronic Structure, Seoul, Korea, November 6, 2006

Can we do calculations like this?

A

A

B

B
A

B

Specified P

YES !



9th Asian Workshop on Electronic Structure, Seoul, Korea, November 6, 2006

EKS(P)

BaTiO3 Minimize EKS

with respect to
{ψnk}, {Rj}

subject to
P({ψnk},{Rj})=Ptarg

Dieguez and Vanderbilt, PRL 96,
056401 (2006).
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E = dE/dP
Electric field

Lagrange mult.: Min. EKS(P)-E⋅P

E = dE/dP
Electric field

Target P

Dieguez and Vanderbilt, PRL 96,
056401 (2006).
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E = dE/dP
Electric field
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E = dE/dP
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Target P

Dieguez and Vanderbilt, PRL 96,
056401 (2006).
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E = dE/dP
Electric field

Lagrange mult.: Min. EKS(P)-E⋅P

E = dE/dP
Electric field

Target P

Dieguez and Vanderbilt, PRL 96,
056401 (2006).
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Try to minimize at fixed E

BaTiO3
Unstable

Metastable

Dieguez and Vanderbilt, PRL 96,
056401 (2006).
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E

P
Theory

Expt.

E(P) from E(P)

Dieguez and Vanderbilt, PRL 96,
056401 (2006).
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Ti1-xScx

Ti

Ti1-xVx

V+5Ti+4Sc+3

Example: Compositional breaking of inversion symmetry
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x=0.0

x=0.2

x=0.3

x=0.4

x=0.6

Z=22-x

Z=22

Z=22+x

Dieguez and Vanderbilt, 2006

Example: Compositional breaking of inversion symmetry
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Example: Hexagonal KNO3

Top
view

Side
view

SRV

Dieguez and Vanderbilt, 2006
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Electric equations of state

E(P)

P(D)

D(E)

D(P)

E(D)

P(E)
Numerical inversion

D=ε0 E+P

D=ε0 E+P

Numerical inversion

Numerical inversion

Best
choice?

E(P)
Numerical derivative
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D

P

ε

P

1. P(D) is monotonic.

Why P(D) ?

D = ε0E + P
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A

A

B

P ε D

2. D is uniform throughout superlattice.

Why P(D) ?
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Outline

• Introduction
– Epitaxial perovskite superlattices
– Unusual dielectric properties

• Theory of nonlinear dielectric behavior
– Finite electric field E

– Mapping E(P)
– Electric equations of state: P(E), E(P), P(D), etc.

– Layer-by-layer spatial resolution of P
• Work in progress: Model for P(D) of superlattice
• Summary and conclusions
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(Sr,Ba)TiO3

p2(D)

p0(D)

p–2(D)

p–3(D)

p–1(D)

p1(D)

p3(D)

D
Inspect interface

contributions

Look inside interface: layer polarizations
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Definition of layer polarization

How to define layer polarizations?

Use Wannier function centers
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Mapping to Wannier centers

Wannier
center
rn
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Wannier dipole theorem

ΔP = Σion (Zione) Δrion

+ Σwf (– 2e) Δrwf

• Exact!
• Gives local description of

dielectric response!

Mapping to Wannier centers
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Wannier functions in BaTiO3

Ti 3d

O 2p

Mainly Ti 3d
(also some O 2p)

Mainly O 2p
(also some Ti 3d)
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Wannier functions in BaTiO3

Ti 3d

O 2p
Mainly O 2p

(also some Ti 3d)



Ferroelectric BaTiO3   (Courtesy N. Marzari)
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(Sr,Ba)TiO3

p2(D)

p0(D)

p–2(D)

p–3(D)

p–1(D)

p1(D)

p3(D)
Ions can naturally be
assigned to layers.

Can WF centers also
be assigned to

layers?

Analysis of layer polarizations
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Analysis of layer polarizations

(BT)1-(ST)1 superlattice

YES!
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3D vs. 1D Wannier analysis

• 3D maximally localized Wannier functions
– Marzari and Vanderbilt, PRB 56, 12847 (1997).
– Requires iterative procedure
– Compromise: maximum localization in x, y, and z

• Here keep (kx, ky) and work in 1D along kz
– Maximum localization along z
– No iterative procedure needed
– Only small matrix diagonalizations

See also
Giustino, Umari, and Pasquarello, PRL 91, 267601 (2003);

Giustino and Pasquarello, PRB 71,144104 (2005).
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1D analysis of layer polarizations

kx

kz

ky

kz

E

z=0

z=c

TiO2 layer

BaO layer

BaO layer

For given
(kx,ky) :
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1D Wannier center analysis

kz

E

z=0

z=c

For given
(kx,ky) :
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Analysis of layer polarizations

K
X

Γ

(BT)1-(ST)1 superlattice
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Layer
decomposed

Analysis of layer polarizations

c

S

Ion
contributions

Wannier ctr.
contributions

Total



9th Asian Workshop on Electronic Structure, Seoul, Korea, November 6, 2006

Analysis of layer polarizations

1A

1B

2A

2B

3A

3B

Sr

Ba

Ba

Wu, Dieguez, and
Vanderbilt, PRL 97,

107602 (2006).
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Layer decomposition of Z*
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Layer decomposition of Z*



Ferroelectric BaTiO3   (Courtesy N. Marzari)
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Outline

• Introduction
– Epitaxial perovskite superlattices
– Unusual dielectric properties

• Theory of nonlinear dielectric behavior
– Finite electric field E

– Mapping E(P)
– Electric equations of state: P(E), E(P), P(D), etc.

– Layer-by-layer spatial resolution of P
• Work in progress: Model for P(D) of superlattice
• Summary and conclusions
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First-principles based model of electrostatics
of arbitrary sequences?

Q-V and C-V
characteristics?V

Desired theory: Non-linear C-V
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Dependence of pj(D) on environment
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Work in progress: Improved model?

• Model: P(D) = ∑j pj(D)

• Pj(D) depends on
— D field
— Chemical identity of layer itself
— Chemical identities of near neighbors

         (but dependence decays with distance)
• Use ab-initio pj(D) of short-period superlattices

as database for fit
• Predict electrostatics of superlattices with

arbitrary sequences
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First-principles based model of electrostatics
of arbitrary sequences?

Q-V and C-V
characteristics?V

Desired theory: Non-linear C-V

In Progress
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Summary

• First-principles theory can now handle complex,
nonlinear dielectric behavior

– Finite electric field E

– Mapping E(P)
– Electric equations of state: P(E), E(P), P(D), etc.

– Layer-by-layer spatial resolution of P
• Applications

– Here: Perovskite superlattices
– Other dielectric, ferroelectric, piezoelectric systems


