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MATERIALS THEORY

1990s:
A huge breakthrough in electronic-structure theory

Resta, Macroscopic electric polarization as a geometric quantum phase (1993)

King-Smith and Vanderbilt, Theory of polarization of crystalline solids (1993)
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The problem that was solved

Is the polarization of a periodic solid a bulk
quantity, and how should it be defined?

d

“Polarization” in a molecule: No problem - +
dipole = X(charge x position) = e d —

Polarization in a periodic solid: dipole per unit volume, V ?

- + *— @ o +
BUT.. ) Polarizaton=e d/V ——
* o o .4 - +
< Polarizaton=e d/V—-e a/V N Polarization

Quantum, P, |



Polarization= —ed/V,+ed/V ... =ed/V+nea/V

f NO ZERO!

X X X X X X
5P,/ 2 3P,/ 2 -Py/ 2 P,/ 2 3P,/ 2 5P,/ 2

P,=ea/V
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Modern Theory of Polarization: Key Results

1) The polarization of a periodic insulating
solid is a bulk property and is multivalued,

P=P,+nP, P,=eRIV

2) Centrosymmetric insulating periodic solids
have centrosymmetric polarization lattices
that either contain zero or P,/ 2
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How can we connect this to experimental reality?

Centrosymmetric / paraelectric

+ - + - + = + -

F§>olar/ ferroelectric |
e 5 5

— — —>
I

+ - o+ - O+ - + -

Change in polarization =+ e 8 / V for any choice of unit cell
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Modern Theory of Polarization: Key Results

1) The polarization of a periodic insulating
solid is a bulk property and is multivalued,

P=P,+nP, P,=eRIV

2) Centrosymmetric insulating periodic solids
have centrosymmetric polarization lattices
that either contain zero or P,/ 2

3) Differences between polarizations (e.g. the
“spontaneous polarization” between the para-
and ferroelectric states) are singlevalued

A beginner’s guide to the modern theory of polarization
Nicola A. Spaldin Journal of Solid State Chemistry 195 (2012) 2-10

SCHRODINGER'S KITTENS PRODUCTIONS:
BRINGING YOU SHORT MODULESFOR

LEARNING QUANTUM MWS STUFF
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The Beginner's Guide to the
Modern Theory of

Polarization

14 videos * 1,142 views ¢ Last updated on Dec 31, 2020

Public ¥
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The Beginners’ Guide to the Modern Theory of /’
Polarization. A series of modules to help you
understand how the electric polarization is

defined, calculated and measured in bulk

periodic solids.
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How can we calculate polarization using Quantum Espresso?

0) Calculate the positions of the ions and make sure your system is
insulating! Then:

Option 1: Sum over the ionic positions multiplied by their formal
charges (not bad).

Option 2: Sum over the ionic positions multiplied by their pseudo
charges. Add to this the sum over the Wannier centers multiplied by
the number of electrons per Wannier function (formally correct).

Option 3: Sum over the ionic positions multiplied by their pseudo
charges. Make a Berry phase calculation of the electronic contribution
and add it to the ionic contribution (also formally correct).

Eor every option your answer will be muIti-vaIuedg
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A real material: Multiferroic bismuth ferrite, BiFeO,

Popont [111]

courtesy H. Schmid

A

2cm

'Dspont [001]
50uC/cm? [

courtesy R: Ramesh and M. Rossell
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Calculation of polarization in BiFeO,

Notice 200 _I_ spontaneous
: : ferroelectric
' i
the units! 150 e polarization
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| 5
0 . Q
50 2
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a Q
-50 = 4 -50
-100 -50 0 50 100
Notice R3¢ % distortion +(R3¢)
the zero!

- PHYSICAL REVIEW B 71, 014113 (2005)
First-principles study of spontaneous polarization in multiferroic BiFeQO;

J. B. Neaton,'* C. Ederer,” U. V. Waghmare,® N. A. Spaldin,> and K. M. Rabe!
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Surface charge associated with ferroelectricity

Usually BAD NEWS - leads to
suppression of polarization

+P uC/ecm?
T + + +
CEES a) b)
+ 4+ 4 + 4
4
> i .
P
1C/cm?
e c) d)
i 3 ”i
p P=0
-P 1C/cm? ht {

Freitag, 28. Mai 2021 D-MATL / Materials Theory



MATERIALS THEORY

Stabilization of a meta-stable antiferroelectric phase

arXiv.org > cond-mat > arXiv:1812.09615 \ ,".. ﬂ '.

A high-energy density antiferroelectric made by interfacial electrostatic
engineering Julia A. Mundy, Bastien F. Grosso ...
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Stabilization of a meta-stable antiferroelectric phase

New phase identified New phase is stabilized in
using DFT, and shown thin films relative to polar Measurement of
to be close in energy to R3c ground state: antiferroelectric
R3c ground state: . mean hysteresis:
120
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arXiv.org > cond-mat > arXiv:1812.09615

A high-energy density antiferroelectric made by interfacial electrostatic
engineering Julia A. Mundy, Bastien F. Grosso ...
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In its centrosymmetric form, the polarization lattice
of Bi**Fe3*0; contains the half quantum...

layer
charge

Bi*302 +e Y # 2

Fe02, -e| | ? /‘u
L«‘ =

Bi+3o-2 +e

P[001] - [—93/2\/} +ea/2V ... = ... —Pq/2, +Pq/2
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... therefore there is a surface charge associated with the
charged ionic layers even in the centrosymmetric
paraelectric phase

Charge Charge
(electrons per unit cell) (nClcm?)

+1 BIiO positive surface charge +50uC/cm?

-1 FeO, negative surface charge —-50uC/cm?

Notice that the size of the surface charge is by coincidence
equal to the size of the spontaneous polarization!

e e
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Surface charge compensation in Bi3*Fe3*O,

Fe(). . Surface charge from charged layers
£ - —50uC/cm?

[001] |Spontaneous polarization;yy| = 50uC/cm?!

Bio + Surface charge from charged layers
= +50uC/cm?
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Surface charge compensation in Bi3*Fe3*O,

For two combinations of polarization orientation and surface termination,
the surface charge from the spontaneous polarization along [001] exactly
compensates the surface charge from the half quantum of polarization

HAPPY SURFACES VERY UNHAPPY SURFACES

o= 0 puC/cm? o=-100 puC/cm? ,
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On the happiness of ferroelectric surfaces
and its role in water dissociation: The
example of bismuth ferrite @ pek Efe |B

H Li i l 5 NN33RQ7
*—- 1 : = N
Y b 5 B
.y ". AN :

Cite as: J. Chem. Phys. 154, 024702 (2021); https://doi.org/10.
Submitted: 20 October 2020 . Accepted: 16 December 2020 .

Ipek Efe, "~ Nicola A. Spaldin, and " Chiara Gattinoni it

Chiara Gattinoni

Layer and spontaneous polarizationg in
perovskite oxides and their interplay in
multiferroic bismuth ferrite @ Marta Rossell

Cite as: J. Chem. Phys. 154, 154702 (2021); https://doi.org/10.1063/5.0046061
Submitted: 31 January 2021. Accepted: 26 March 2021 . Published Online: 16 April 2021

Nicola A. Spaldin, " * Ipek Efe, "~ Marta D. Rossell, and "* Chiara Gattinoni
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Saving the World Il — Water Splitting

Happy Surfaces Unhappy Surfaces
Molecular adsorption of H,O stable Dissociative adsorption preferred
E,.=-0.80 eV E,4=-0.67 eV - § (OH)"

(H)*
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Saving the World Il — Water Splitting
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ADVANCED
Magnetoelectric Catalysis www.advmat.de

Magnetoelectrically Driven Catalytic Degradation of Organics

Fajer Mushtaq,* Xiangzhong Chen,* Harun Torlakcik, Christian Steuer, Marcus Hoop,
Erdem Can Siringil, Xavi Marti, Gregory Limburg, Patrick Stipp, Bradley J. Nelson,
and Salvador Pané*
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