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m In the early 1990s a change of paradigm
occurred about what polarization really is



m In the early 1990s a change of paradigm
occurred about what polarization really is

m Nowadays polarization is routinely computed
according to the modern theory

m Very few textbooks have taken notice of the
change of paradigm
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The old paradigm
m 1850
m Textbooks

Computational physics and the new paradigm
1979

1983

1990

1992

1993 (two papers)

1998
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The old paradigm



Pisa, Prato dei Miracoli
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Ottaviano Fabrizio Mossotti (1791-1863)

Professor at the University of Pisa since 1840
Chair: Meccanica celeste e fisica matematica
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The old paradigm
m 1850



Clausius-Mossotti

O. F. Mossotti, Memorie di Matematica e di Fisica della Societa Italiana delle Scienze
Residente in Modena 24, 49 (1850)

Material as an assembly of independently polarizable
building bricks



Clausius-Mossotti

O. F. Mossotti, Memorie di Matematica e di Fisica della Societa Italiana delle Scienze
Residente in Modena 24, 49 (1850)

Material as an assembly of independently polarizable
building bricks (electronic charges)



Clausius-Mossotti

O. F. Mossotti, Memorie di Matematica e di Fisica della Societa Italiana delle Scienze
Residente in Modena 24, 49 (1850)
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Definition of macroscopic polarization P
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Polarization = dipole / cell volume



With hindsight, as provided by computational physics
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m NaBr, induced (pseudo)charge density
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m NaBr, induced (pseudo)charge density

m The polarization induced charge is periodic:
How do we compute the induced dipole per cell?



With hindsight, as provided by computational physics
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m Dipole of a Wigner-Seitz cell



With hindsight, as provided by computational physics

é

m Dipole of a Wigner-Seitz cell

m According to Clausius-Mossotti, P = d/ Ve

m In our computer experiment d/ V. is about one half of the
right P value

m Even in the extreme ionic case, macroscopic polarization
is not a function of the periodic polarization charge
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The old paradigm

m Textbooks



Feynman Lectures on Physics, Vol. 2
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Fig. 11-B. A complex crystal lattice

can have a permanent intrinsic polariza-
tion P.



Feynman Lectures on Physics, Vol. 2
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Fig. 11-8. A complex crystal lattice
can have o permanent intrinsic polariza-
tion P.



Feynman Lectures on Physics, Vol. 2
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Fig. 11-8. A complex crystal laHice
can have a permanent intrinsic polariza-
tion P.



Other textbooks

m Kittel, Introduction to Solid State Physics:

A ferroelectric crystal exhibits an electric dipole moment
even in the absence of an external electric field. In the
ferroelectric state the center of positive charge does not
coincide with the center of negative charge.

m Ashcroft & Mermin, Solid State Physics:

Crystal whose natural primitive cells have a
nonvanishing dipole moment pg are called pyroelectric.



The reference book about ferroelectrics in the 1980s

m Lines & Glass, Principles and Applications of
Ferroelectrics and Related Materials (1977):

If and when good electron-density maps become
available for ferroelectrics, expressing charge density p(r)
as a function of position vector r throughout the unit cell,
more quantitative estimates of spontaneous polarization
might be envisaged as

P, — ://\/rp(r) ar. (6.1.19)



The reference book about ferroelectrics in the 1980s

m Lines & Glass, Principles and Applications of
Ferroelectrics and Related Materials (1977):

If and when good electron-density maps become
available for ferroelectrics, expressing charge density p(r)
as a function of position vector r throughout the unit cell,
more quantitative estimates of spontaneous polarization
might be envisaged as

P, — ://\/rp(r) ar. (6.1.19)

m Focus invariably on the charge density
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Computational physics and the new paradigm
m 1979



Electronic structure as a microscope
A. Baldereschi, R. Car, & E. Tosatti, Solid State Commun. 32, 757 (1979)

Fig. 2. Polarization charge density in units of electrons/cell induced by a constant displacement D = 1a.u. 2NERRS]
in Si and D || (100) in NaCl. The contour maps are representéd in the (110) and (100) planes for Si and NaCl
espectively. Shaded areas indicate negative charges.



The dipole of a cell

fie
parallel to (111)




@&m. /
-5

@ @ E field
@! @1 L parallel to (111)

'




The dipole of a cell
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With hindsight:

m Dipole disturbingly nonunique
m Dipole by far too small
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Computational physics and the new paradigm

m 1983



Silicon (pseudo)charge density, unperturbed

A 21 | WA
min T e max



Dielectric inside a capacitor

K. Kunc & R. Resta, Phys. Rev. Lett. 51, 686 (1983)

min [ max

Dielectric inside a capacitor
Silicon induced charge density
(technically: a supercell calculation)



Dielectric inside a capacitor

K. Kunc & R. Resta, Phys. Rev. Lett. 51, 686 (1983)

max




How is polarization retrieved?

planar average
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How is polarization retrieved?

J\

m The induced charge on the capacitor plates, divided by the
applied voltage, provides the value of the dielectric constant.

m The (periodical) induced charge in the bulk of a uniformly
polarized dielectric cannot tell the value of the dielectric
constant

m What we really have measured is only the polarization
difference between two slabs of the same material (polarized in
opposite directions)



With (much) hindsight

J\

m The charge in a uniformly polarized dielectric has nothing to do
with macroscopic polarization P.

m The charge is the square modulus of the wavefunction.
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With (much) hindsight

J\

m The charge in a uniformly polarized dielectric has nothing to do
with macroscopic polarization P.

m The charge is the square modulus of the wavefunction.
m From charge to current......

m So far: induced polarization. What about spontaneous
polarization in zero E field?
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Computational physics and the new paradigm

m 1990



Spontaneous polarization
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Fig. 11-B. A complex crystal lattice

can have a permanent intrinsic polariza-
tion P.



Wurtzite vs.

zincblende

Zincblende:

Cubic, hence no vector
property, such as P, is al-
lowed

Wurtzite:

The simplest crystal
structure where a vector
property is allowed



The basic idea
M. Posternak, A. Baldereschi, A. Catellani, and R. Resta, Phys Rev Lett 1990

c axis

m The basic equation V-P = —p
implies AP -n = —¢

m Since P(ZB) is zero, by measuring o we infer
the value of P(W)



The first calculation ever of spontaneous polarization

M. Posternak, A. Baldereschi, A. Catellani, and R. Resta, Phys Rev Lett 1990
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Seymour Cray Prize (Switzerland) 1990

Concours
Seymour Cray

Lauréats 1990

Michel Posternak, Raffaele Resta et
le professeur EPFL Alfonso Balderes-
chi, ex aequo avec unec équipe de
PEPFZ, ont regu le vendredi ler février
dernier le deuxiéme prix du Concours
Seymour Cray Suisse 1990 pour I'expé-
rience (réalisée dans le cadre de
PIRRMA) qu'ils présentent ici. Le pre-
mier prix a récompensé M. Bichsel et P.
Seitz pour leur travail "Concierge élec-
tronique” portant sur la reconnais-
sance de personnes. Si la participation
a ce concours s’est limitée a dix tra-
vaux, “le jury a été trés heureux de
constater une trés bonne qualité
;:g’{g;:i,’,\:a‘gficct.secz‘;:"%re?'dcn“ I ng) gauche & droite: Alfonso Baldereschi, Michel Posternak et Raffuele Resta. (Photo Alain Her-

Les hommes d’IRRMA

Détermination de la polarisation spontanée
de la matiére au moyen d’une expérience numérique:
cas de ’Oxyde de Béryllium Pyroélectrique

Flash (EPFL weekly journal), February 12th, 1991



A change of paradigm

Les cristaux qui présentent une polari-
sation macroscopique spontanée consti-
tuent une classe particuliérement inténes-
sinte de matériaux. Leur polarisation élerp

nence numénique” oi scule la différence
AP entre deux phases du méme matérian
el lo quantité réellement "mesurée” sur
Tl'ordinateur.

wrique peut étre modifiée en ch
lemDerllu'nc comme c'est le cas pour]u.
. ou en |

l:||2l'l1]:l électrique extérieur, comme dans
les ferrodleciriques, o méme la direction
de la polarisation peut &tre modifide, Ces
phénoménes sont largement utilisés pour
la réalisation de détecteurs 4 infra-rouges
et de mémaoires ferroélectrigues. Du point
de vue fondamental, interprétation de la
polarisation spontanée de la matiére, sinsi
queé sa détermination, soni des problémes
délicats, connus de triés longue date. En
physique classique, la polarisation ma-
croscopique est reliée en général aux mo-
ments dipolaires localisés sur les atomes
ou mokicules qui constituent le systéme.
Ces dipdles sont des ingrédients essenticls
de tous les modéles classiques, mais n'ont
pas encore été définis de maniére rigou-
reuse. Avant notre contribution, il n'exis-
tait aucune étude satisfaisante, basée sur la
mécanique quantique de la polarisation
spontanée des cristaux,

Du point de vue phénoménologique, la
polarisation spontanée P n'esl pas une
grandeur mesurable en tant que propriété
intrinséque de ['éat d éqn:llhm Seules les

de P sont d bles expéris
mentalement, an moyen par L‘xcm[ﬂc de
mesures d
cité ou de ferrodlectricité. Lidée fonda-
mentale du présent travail est, pour obte-
nir la valeur de P, dé faire éylrrm:nl usage
du concept de différence dans Papproche
théorique: nous avons Elaboré une "expé-

Le systéme le plus simple pour lequel la
polarisation macroscopique est permisc
par les lois de symétrie est I'oxyde de béryl-
lium Be@. Ce matériau & en effét 1a siruc-
ture hexagonale de la wurtzite (coordina-
tion tétraddrique), e ses constiluants sont
des éléments de la premidre ligne due ta-
bleau périndique. Le cristal posséde un axe
privilégié, qui est la direction de la polari-
sation spontance. La Figure | montre une
vueen perspective de cetie structure, Pour
notre  “expérience  numérique”, nous

Fig. 1 - Cristal de Be dans la structure
hexagonale de Iz wurizite,




Prophetic conclusion

Notre étude montre donc que le terme
¢lectronique de la polarisation macrosco-
pique spontanée des solides peut é&tre ob-
tenu rigoureusement au moyen d’une ex-
périence numérique” appropriée, et nous
espérons que ce travail ouvrira la voie a
des calculs microscopiques généraux de la
pyroélectricité et de la ferroélectricité.

Alfonso BALDERESCHI
Michel POSTERNAK
Raffaele RESTA



What about the experiments?

m We have not computed the “absolute” polarization of the
W material; instead, we have computed a polarization
difference: W minus ZB.

m |t is only an additional symmetry argument which allows
us to infer the value of P from the calculation.

m In our material (wurtzite BeO) how is spontaneous
polarization measured?



What about the experiments?

m We have not computed the “absolute” polarization of the
W material; instead, we have computed a polarization
difference: W minus ZB.

m |t is only an additional symmetry argument which allows
us to infer the value of P from the calculation.

m In our material (wurtzite BeO) how is spontaneous
polarization measured?

m We discovered (after our computer experiment) that it is
not really measured! Reading the experimental literature
we only found some estimates of the spontaneous
polarization in BeO.

m Slowly, we came to the idea that the concept of
“polarization itself” doesn’t make sense, and we must
content ourselves of addressing polarization differences
(or derivatives).
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Computational physics and the new paradigm

m 1992



How is polarization measured?

m Infrared charges, a.k.a. Born effective charges for lattice
dynamics: Derivatives of P with respect to zone-center
phonon amplitudes.

m Permittivity, a.k.a. macroscopic dielectric constant (or
tensor): Derivative of P with respect to an external applied
field.

m Piezoelectricity: Derivative of P with respect to
macroscopic strain.

m Pyroelectricity: Derivative of P with respect to temperature.
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How is polarization measured?

m Infrared charges, a.k.a. Born effective charges for lattice
dynamics: Derivatives of P with respect to zone-center
phonon amplitudes.

m Permittivity, a.k.a. macroscopic dielectric constant (or
tensor): Derivative of P with respect to an external applied
field.

m Piezoelectricity: Derivative of P with respect to
macroscopic strain.

m Pyroelectricity: Derivative of P with respect to temperature.

m “Spontaneous” P in ferroelectrics:
What is actually measured?



A prototypical material: KNbO3

A
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What is actually measured?




What is actually measured?

<$%& tet
'

B

The physical observable is the integrated transient current:

At
0



What must be computed?

Valence charge density in KNbO3

~

centrosymmetric broken-symmetry (ferroelectric)




Main message

Macroscopic polarization has nothing to do with
the periodic charge of a polarized dielectric



Main message

Macroscopic polarization has nothing to do with
the periodic charge of a polarized dielectric

(contrary to common statements in textbooks)



Spontaneous polarization of a ferroelectric

R. Resta, Ferroelectrics 136, 51 (1992)




Spontaneous polarization of a ferroelectric

R. Resta, Ferroelectrics 136, 51 (1992)

The physical observable is the integrated transient current:

At

1
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Spontaneous polarization of a ferroelectric

R. Resta, Ferroelectrics 136, 51 (1992)

The physical observable is the integrated transient current:

At

1
. d
PS - 0 l(t) at - /0 dx ﬁpelectromc + APnuclear

Any current is mostly related to the phase of the wavefunction
(not to the square modulus!)



Outline

Computational physics and the new paradigm

m 1993 (two papers)



The Berry phase

R. D. King-Smith and D. Vanderbilt, Phys. Rev. B 47, 1651 (1993)

The (by now famous) King-Smith & Vanderbilt formula.



The Berry phase

R. D. King-Smith and D. Vanderbilt, Phys. Rev. B 47, 1651 (1993)

The (by now famous) King-Smith & Vanderbilt formula.

Electronic term only, one dimension, one band:

Tap

P~ PO) = | gy @)= —_[7(1) ~(0)]



The Berry phase

R. D. King-Smith and D. Vanderbilt, Phys. Rev. B 47, 1651 (1993)

The (by now famous) King-Smith & Vanderbilt formula.

Electronic term only, one dimension, one band:

1
P() - PO) = [ G5 9= ~2[5(1) = (0))

The Berry phase:

d
=i Uk| = Uk) dk
v=i ] (w0

uk(x) = e~ ™4 (x) is the periodic part of the Bloch function



The first calculation ever of ferroelectric polarization

VOLUME 70, NUMBER 7 PHYSICAL REVIEW LETTERS 15 FEBRUARY 1993

Towards a Quantum Theory of Polarization in Ferroelectrics: The Case of KNbOj3

R. Resta,® M. Posternak, and A. Baldereschi(®
Institut Romand de Recherche Numérique en Physique des Matériauz (IRRMA),
PHB Ecubl CH-1015 L Switzerland
(Received 21 October 1992)

The spontaneous macroscopic polarization of perovskite KNbO3 is calculated as a Berry’s phase
using the Bloch functions of the tetragonal crystal. The result P = 0.35 C/m? supports the measured
value 0.37 C/m? and implies that earlier data from hysteresis loops are too low. The polarization is
linear in the ferroelectric distortion; the Born effective charges show strong variations from nominal
ionic values and a large inequivalence of the O ions. Linearity a posteriori demonstrates that the
polarization of perovskites at finite temperature can be safely predicted assuming the ions frozen in
their time-averaged positions.



The first calculation ever of ferroelectric polarization

VOLUME 70, NUMBER 7 PHYSICAL REVIEW LETTERS 15 FEBRUARY 1993

Towards a Quantum Theory of Polarization in Ferroelectrics: The Case of KNbOj3

R. Resta,® M. Posternak, and A. Baldereschi(®
Institut Romand de Recherche Numérique en Physique des Matériauz (IRRMA),
PHB Ecubl CH-1015 L Switzerland
(Received 21 October 1992)

The spontaneous macroscopic polarization of perovskite KNbO3 is calculated as a Berry’s phase
using the Bloch functions of the tetragonal crystal. The result P = 0.35 C/m? supports the measured
value 0.37 C/m? and implies that earlier data from hysteresis loops are too low. The polarization is
linear in the ferroelectric distortion; the Born effective charges show strong variations from nominal
ionic values and a large inequivalence of the O ions. Linearity a posteriori demonstrates that the
polarization of perovskites at finite temperature can be safely predicted assuming the ions frozen in
their time-averaged positions.

Why “Towards”?



20 years on

m Most electronic-structure computer codes on the market
implement the Berry phase as a standard option:
CRYSTAL, QUANTUM-ESPRESSO, ABINIT, VASP,
SIESTA, CPMD...
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20 years on

m Most electronic-structure computer codes on the market
implement the Berry phase as a standard option:
CRYSTAL, QUANTUM-ESPRESSO, ABINIT, VASP,
SIESTA, CPMD...

m Textbooks are slow to catch: most of them give a flawed
definition of what polarization is

m In 2006 David Vanderbilt was awarded the world’s most
prestigious prize in computational physics



2006 Aneesur Rahman APS Prize
for Computational Physics

_LAPS wurE--'.lng for T_..-'c:lu._...“

CURRENT FRIZE
RECIFIENTS

Pasi Reciplenta
Prizes

Awaris, Modals &
Lecdureshiips

Cisserinton Awmrnds
Ramination Guidelines
Spansors

Frizas & Awards Task
Farcs

Eylawen for Prizes &
waris

Prizas & Awmards Hone
APS Home

2006 Aneesur Rahman
Prize to
David Vanderbilt
Rutgers University
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Computational physics and the new paradigm

m 1998



The ultimate development: “single-point Berry phase”

VOLUME 80, NUMBER 9 PHYSICAL REVIEW LETTERS 2 MARCH 1998

Quantum-Mechanical Position Operator in Extended Systems

Raffaele Resta
INFM-Dipartimento di Fisica Teorica, Universita di Trieste, Strada Costiera 11, 34014 Trieste, Italy

and Department of Physics, The Catholic University of America, Washington, D.C. 20064
(Received 15 September 1997)

The position operator (defined within the Schrddinger representation in the standard way) becomes
meaningless when periodic boundary conditions are adopted for the wave function, as usual in
condensed matter physics. I show how to define the position expectation value by means of a simple
many-body operator acting on the wave function of the extended system. The relationships of the
present findings to the Berry-phase theory of polarization are discussed. [S0031-9007(98)05419-2]



The ultimate development: “single-point Berry phase”

VOLUME 80, NUMBER 9 PHYSICAL REVIEW LETTERS 2 MARCH 1998

Quantum-Mechanical Position Operator in Extended Systems

Raffaele Resta
INFM-Dipartimento di Fisica Teorica, Universita di Trieste, Strada Costiera 11, 34014 Trieste, Italy

and Department of Physics, The Catholic University of America, Washington, D.C. 20064
(Received 15 September 1997)

The position operator (defined within the Schrddinger representation in the standard way) becomes
meaningless when periodic boundary conditions are adopted for the wave function, as usual in
condensed matter physics. I show how to define the position expectation value by means of a simple
many-body operator acting on the wave function of the extended system. The relationships of the
present findings to the Berry-phase theory of polarization are discussed. [S0031-9007(98)05419-2]

m Routinely implemented for (explicitly) correlated systems
m Routinely implemented for liquid & amorphous systems



Why addressing the position operator?

m |t is the simple multiplicative operator which maps (1d):

P(x) = x (x)

m |ts expectation value is:
(x) = [ dx x[p(x)?

m The multiplicative operator x is not a legitimate operator
when adopting periodic boundary conditions (as we do in
condensed matter physics)



Why addressing the position operator?

m |t is the simple multiplicative operator which maps (1d):

P(x) = x (x)

m |ts expectation value is:

(x) = [ ax x [p(x)[?

m The multiplicative operator x is not a legitimate operator
when adopting periodic boundary conditions (as we do in
condensed matter physics)

m A different definition of the position operator has to be
adopted



A flavor of the “new” position operator (1d)

()

(x) = [dx x|(x)|? is nonsense

|
m (x) must be defined modulo L



A flavor of the “new” position operator (1d)

()

m (x) = [dx x[¢(x)? is nonsense
m (x) must be defined modulo L
m Solution:

_ L t 2T x 2
(x>_glm In /0 dx e’ T [1p(x)]

m Notice the occurrence of a phase (“Im In”)
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dielectric

m Instead, AP is the transient (integrated) current flow during
an adiabatic switching process

m The charge is the square modulus of the wavefunction;
the current is instead related to a gauge-invariant phase of
the wave function (Berry phase)
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