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Transition metal oxide compounds

Simple structures with different phase transitions

Insulating Semi-conducting
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Transition metal oxide compounds

Simple structures with different fundamental properties

Ferroelectricity

High T,

superconductivity Ferromagnetism
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Atomically precise methods for preparing
thin films and multilayer structures

Methods

Pulsed Laser Deposition (PLD)
Molecular Beam Epitaxy (MBE) p—

Control at the atomic level

Crystalline and surface quality =

Off-axis rf magnetron sputtering semiconductor heterostructures
Both AFM tip and

Au top electrode \

\ AFM SrRuO,
PbTiO, Pb(Zr,,Ti; )0,
Nb'SrTiO3 SrRuO
P ® 3
‘m | SrTioO,
C. Lichtensteiger et al., V. Nagarajan, J. Junquera et al.,

Phys. Rev. Lett. 94, 047603 (2005) J. Appl. Phys. 100, 051609 (2006)



Accurate characterization methods

Methods

X-ray scattering
analysis of satellites
COBRA

High resolution Transmission
Electron Microscopy (HRTEM)

Reflection High-energy Electron
Diffraction (RHEED)

Atomic Force Microscopy (AFM)
Piezoelectric Force Microscopy (PFM)

Photoemission based X-ray
photoelectron diffraction (XPD)

PUND Hysteresis loops

Ultraviolet Raman Spectroscopy

Results
High (atomic) resolution
Local proofs of:
atomic structure
piezoelectric properties

ferroelectric properties




Many oxides have similar lattice constants
allowing for a good match at the interfaces

Film lattice (A)

< SrBi,Ta, 0y
= U —BiMnO.
-— ! —BiFeO,

-~ PMN-PT

4.00
L

BN

LaGaO, GdScO,| NdScO, Substrate lattice (A)

|

LaSrAlO, LasrGaQ, |LSAT DyScO,; SmscO,

I
YAIO, LaAlO, NdGaO, SrTiO, KTaO,

I i

D. G. Schlom et al., Annu. Rev. Mater. Res. 37, 589 (2007)

What would happen if we could mix materials with different properties?

Potential for novel behaviour




Some surprises at the interfaces
between two oxides

Improper ferroelectricity in PbTiO,/SrTiO, superlattices
E. Bousquet et al., Nature 452, 732 (2008)
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Some surprises at the interfaces
between two oxides

The interface between two good insulators (LaAlO, and SrTiO,) is metallic

A. Ohtomo and H. Y. Hwang, Nature 427, 423 (2004)

Existence of a critical number
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S. Thiel et al., Science, 313, 1942

H. Y. Hwang, Science, 313, 1895 (2006) (2006)




Recent discoveries on transition metal oxides:
one of the “top tens” scientific breakthroughs of 200

Breakthrough of the Year
BEYUND S".IBU N? Sixty years ago, semiconduc-

tors were a scientific curiosity. Then researchers tried putting

one type of semiconductor up against another, and suddenly

we had diodes, transistors, microprocessors, and the whole electronic

age. Startling results this year may herald a similar burst of discoveries at
the interfaces of a different class of materials: transition metal oxides.

Transition metal oxides first made headlines in 1986 with the Nobel

Prize—winning discovery of high-temperature superconductors. Since

then, solid-state physicists keep finding unexpected properties in these

materials—including colossal magnetoresistance, in which small

changes in applied magnetic fields cause huge changes in electrical
resistance. But the fun should really start when one oxide rubs shoulders
with another.

If different oxide crystals are grown in layers with sharp interfaces,
the effect of one crystal struc-
ture on another can shift the
positions of atoms at the inter-
face, alter the population of
electrons, and even change how

Tunable sandwich. In lanthanum
aluminate sandwiched between
layers of strontium titanate, a thick
middle layer (righf) produces
conduction at the lower interface;
a thin one does not.

Science, 318, 1846 (2007)




The field is still in an incipient stage,
comparable to that of semiconductors 60 years ago

PERSPECTIVE

PHYSICS

When Oxides Meet Face to Face

Elbio Dagotto
Despite recent activity, the field of oxide

terfaces remains virtually unexplored. What
might happen if we could mix materials with
vastly different properties such as ferromag-
nets, antiferromagnets, superconductors, fer-
roelectrics, multiferroics, geometrically frus-
trated spin systems, heavy fermions, and oth-
ers? Considering this enormous number of
16 NOVEMBER 2007 VOL318 SCIENCE www.sciencemag.org
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Ferroelectricity: Basic definitions

Existence of two or more states with a non-zero polarization
in the absence of an electric field

Can be shifted from one to another of these states by the
application of an electric field

Hysteresis loop Double well energy




Perovskite oxides ABO;:
prototypes of ferroelectric materiales

BaTiO,

First ferroelectric without hydrogen bonds
First ferroelectric with a paraelectric phase

First ferroelectric with more than one
ferroelectric phase

Very simple (5 atoms per unit cell)

= lot of theoretical models

Cation A O octahedra
Cation B




Phase transitions of BaTiO,
as a function of the temperature

High T c Cubic

Paraelectric
Tetragonal
P along [001]

Orthorhombic

P along [110]

Rhombohedral

P along [111]




Phase transitions from cubic to tetragonal,
pattern of cooperative polar atomic displacements

1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1
10 20 30 40 50 60 70 80 90 100 110

Sign of the quadratic coefficient critical Continuum evolution of §

A >0 = parabola (paraelectric ground state = Assuming only polarization along =

A < 0 = double well (FE ground state) U(§)=AE+BE+CE+DE+- -




Technological applications:
ABO, perovskites oxides as multifunctional materials

Microactuator

DRAM

storage capacitor

Piezoelectricity

-

Polarizability NVFRAM
FERROELECTRIC memory cell
FILMS

‘-."'s'

Electro npln activity lh“r‘-"*l“*”“*“"

Thermal
infrared
switch
Infrared sensor

O. Auciello et al., Physics Today July 1998, 22-27




Many applications depend on the stability of films
with a switchable polarization along the film normal

NV-FRAM

perz)I;IZs_ll_(itBeS?r))(ide 28 Gbit/cm?

i
N

Line width < 20nm

I

==

metal
(SrTiO5-Nb, SrRuO;,Pt)

... IS there a fundamental limit?




Ferroelectricity Is a collective effect with delicate
balance between short and long range interactions

Both interactions strongly affected in small particles and thin films

Finite size effect: a subtle problem




Fundamental motivation: what’s the most stable
phase for epitaxial ferroelectric ultrathin films?

« Long time question.
 Hot field.

Karasawa (PTO)
Marayuma (PZT)

M Junquera and Ghosez (BTO) T

—
o
o

Bune et al. (PVDF)
M Ghosez and Rabe (PTO)

B Streiffer (PTO)
B Streiffer (PTO)

1996 19971998 199920002001 20022003

—
o

Thickness Limit (nm)
Batra and Silverman (TGS)
o

PTO: PbTiO,
PZT: Pb(Zr,Ti)O,4
T BTO: BaTiO,
1970 1975 1980 1985 1990 1995 i

Year of Publication TGS: tryglycine sulphate
PVDF: Ferroelectric polymer

Symetrix (PZT) i

1E

A few unit cells might be ferroelectric!



Recent reviews on state-of-the-art on
size effects in ferroelectric nanostructures

F— 10
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NAROTECHNOLOGY

Ph. Ghosez and J. Junquera, First-Principles Modeling of Ferroelectric Oxide Nanostructures,
Handbook of Theoretical and Computational Nanotechnology, Vol. 9, Chap. 13, 623-728 (2006)

(http://xxx.lanl.gov/pdf/cond-mat/0605299)

Copyright © 2008 American Scientific Publishers Journal of
All rights reserved Computational and Theoretical Nanoscience

Printed in the United States of America Vol. 5, 1-17, 2008

First-Principles Study of Ferroelectric Oxide Epitaxial
Thin Films and Superlattices: Role of the Mechanical
and Electrical Boundary Conditions

Javier Junquera' and Philippe Ghosez> *
(http://arxiv.org/abs/0711.4201)




Many effects might alter the delicate balance
between long and short range forces

R AR AR
1(;]?\::.1.\ l.i.“l‘i‘l‘ﬁ“- -‘t.

-
LN

Chemistry

Electrostatic

- ‘l‘q.ln‘n"l e e e

Surface

Defects

(vacancies, misfit
dislocations...)

Finite
conductivity

Mechanical

Experimental measurements,

global result




Experimentally: small changes in boundary
conditions, great changes in stable state

N\

N\l PbTiO; PbTiO, N

: i : ! Nb-SrTiO, ! : 1Lag 675r0.33MnO!
(insulator) (metal) (metal)

D. D. Fong et al. (2004) C. Lichtensteiger et al. (2005) C. Lichtensteiger et al. (2007)
S. K. Streiffer et al. (2002) A. T. J. van Helvoort et al. (2005)

' N\, SrRuO,
d

I l I I Il:’bZIIolelo&I

PbTiO,
srTio, | SrRuO;

N

(insulator) : SrTiO,

D. D. Fong et al. (2005) V. Nagarajan et al. (2006)




First-principles calculations allow to isolate their
respective influence
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Goal of first-principles: Describe properties of
matter from theoretical methods firmly rooted in
fundamental equations

Quantum Mechanics: Schrodinger equation (assuming no
relativistic)

L0 ({7}, {Fa}it)
Z ot

= HV ({fz}a {Ru}; t)

r
. —
rdinates .
Space coordinate s

H -
Coordinates of electron i X ; comprise

Spin coordinates g;
\.

Electromagnetism: Coulomb’s law

For a pair of charged particles

3 . 3 2 q:4;
H="1T + VCoulomb VCoulomb — S =
|’f'z' — le




If the problem can not be solved exactly,
how can we work it out from first-principles?

Use a set of “accepted” approximations

to solve the corresponding equations on a computer

NO EMPIRICAL INPUT

Properties
: . w Equilibrium structure
Chemical composition

Band structure

‘ ‘Vibrational spectrum

Type Magnetic properties

Position _
m Transport properties

IDEAL AB-INITIO CALCULATION

Number of atoms




Surface effects
Some questions that might be answered ab-initio

*Missing of Ti 3d-O 2p hybridization
Intrinsic degradation of the polarization?

*Coupling of the polarization with
surface-induced relaxations and
reconstructions

Influence of surface termination




The presence of a surface induces atomic relaxation

(001) TiO,-terminated
SITiO, BaTiO, PbTiO,

Paraelectric structure
Cubic

Theoretical in-plane lattice param.

(1x1) surface reconstruction
Units in A

-Largest relaxations: surface atoms

*Surface layer contracts inwards

)
n=+0.02

Rumpling of the layers gives rise
h=-002 to ionic surface dipole

symmetry

*Oscillating relaxation pattern
J. Padilla and D. Vanderbilt, Surface Science 418, 64 (1998)
J. Padilla and D. Vanderbilt, Phys. Rev. B 56, 1625 (1997)
B. Meyer et al., Faraday Discussions 114, 395 (1999)

*Relaxation energy (100 meV) >>
bulk ferroelectric well (30-50 meV)




Coupling of the surface with in-plane polarization

y/

Surface normal

Small influence of surface relaxation on in-plane ferroelectricity
BaTiO, PbTiO, SrTiO,
TiO,-terminated  Slightly T Slightly |
AO-terminated Slightly .  Slightly T Very modest
(likely destroyed by T)

J. Padilla and D. Vanderbilt, Surface Science 418, 64 (1998)
J. Padilla and D. Vanderbilt, Phys. Rev. B 56, 1625 (1997)
B. Meyer et al., Faraday Discussions 114, 395 (1999)




Surface might induced reconstructions to
saturate dangling bonds

(001) PbTiO,

c(2x2) reconstructions in PbO-terminated
substantial enhancement of the AFD distorsion
Driving force: shorter PbO bonds

U

Not observed neither in TiO, termination
nor BaTiO; surface

A. Munkholm et al., Phys. Rev. Lett. 88, 016101 (2002) Lateral
C. Bungaro and K. M. Rabe, Phys. Rev. B 71, 035420 (2005)
(001) SrTiO,

Experimentally: (2x1) reconstruction
N. Erdman et al. Nature 419, 55 (2002)

Theoretically: (1x1) reconstruction
K. Johnston et al., Phys. Rev. B 70, 085415 (2004)




Mechanical effects
Some questions that might be answered ab-initio

SrTiO,/LaTiO,

 Strong coupling of homogeneous and
inhomogeneous strain with P

- Strain engineering
- tune specific properties by choosing substrate

- appearance of new phases

* Role of misfit dislocation

Ohtomo, Nature 419, 378 (2002)




Recent reviews on strain effects in
epitaxial ferroelectric oxides

Available online at www.sciencedirect.com

e, : % Current Opinion in

»~ ScienceDirect Solid State &

£ osle Materials Science
ELSEVIER Current Opinion in Solid State and Materials Science 9 (2005) 122-127

Theoretical investigations of epitaxial strain effects in ferroelectric
oxide thin films and superlattices

Karin M. Rabe *

Darrell G. Schlom,"" Long-Qing Chen,’
Chang-Beom Eom,’ Karin M. Rabe,*
Stephen K. Streiffer,” and Jean-Marc Triscone®

Annu. Rev. Mater. Res. 2007, 37:589-626




Main sources of strain between film/substrate

Lattice mismatch (difference in lattice constant)

AN Example:
AN N BaTiO, a,=4.00 A
_, INANNNNNNNNNNEE _ misfit strain

u,=(r-a)a, u,=-22.5x 10?3

Courtesy of O. Dieguez

Difference in thermal expansion

43 T T T T

__—MgO 1

—————

The lattice mismatch might be different at
different temperatures

8 | S 0 MRS Al N T8 S i T T TPt e | L. _ ,..-J
. D 100 200 300 400 500 600 700

T(C) ——= S. Stemmer et al., Physica Status Solidi (a) 147, 135 (1995)




Strain imposed by the substrate affects the
properties of ferroelectric materials

Enhancement of the Enhancement of the
transition temperature remanent polarization

L BaTiO3 30ML e heating 2
o cooling ) | — BaTi0, (200 nrm) on GdSc0,

I=

— Ealilly {200 nrm) on DyScil,
| — Single crystal BaTiD, (Rel, 32

Polarization (pCfocmé)

0 100 200 300 400 500 600
Temperature (°C)

Yoneda et al., J. Appl. Phys. . . . ' | K. J. Choi et al.,

83, 2458 (1998) '3: v /‘\ Science 306, 1005 (2004)
Fo " (T-257) B A a

Produce room-temperature L7 / \
ferroelectricity in SrTiO, oo S\

SrTiO, / DySc0;

plane dielectric constant, g

J. H. Haeni et al.
Nature 430, 758 (2004)

In

SrTiO, / LSAT

200
Temperature (K)




Strain imposed by the substrate renormalizes the
quadratic term and enables strain engineering

Assumptions (for the sake of simplicity):

* No shear strains.

* The x and y in-plane directions are equivalent by symmetry

» Only polarization along z (normal to the plane of the substrate).

» Expansion restricted to leader order in polarization and strain.

Energy functional to be minimized

U(¢,e) = A2 + Bet 4 C¢8 + De8

1 .9 oy 1, .0 __
—|—3(__.-‘11 (2e,, +¢..)+ E(' "12(2e,, + degqe..)

= - o =2
—I_ 3”1}“ ::;::;_?‘-';_3- —I_ l: Yo —I_ g1 ':“, ‘”"i* -




Strain imposed by the substrate renormalizes the
quadratic term and enables strain engineering

A2 4} ~ 6 y 5
““'_Li . 0 fig . {“Eiﬁ 5 g}

o
L

1 ,
—|—§Cw1l(2{2

0, -2 _ 2
—|_2Hﬂr:;r;?:{;z —I_ (Uﬂ —I_ {;l) zz'f*z

Double-well bulk energy

I 1 I 1 I 1 I 1 I 1 I 1 I 1
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Strain imposed by the substrate renormalizes the
quadratic term and enables strain engineering

U(€,e) = AE2+ BES +CE° + DE?

+ 3” 0f ::r:;?:'“t;g + l:-.._-"'.f{:]' + Y l_,.}f ”"i* .

Classical elastic energy

Solid State Physics, Ch. Kittel




Strain imposed by the substrate renormalizes the
quadratic term and enables strain engineering

U(€,e) = AE2+ BES +CE° + DE?

1 .9 oy 1, .0 _
—|—3(__.-‘11 (2e,, +¢..)+ 3("'"1'2 (2¢5, +4deqe..)

Coupling between polarization
and strain degrees of freedom

New shape of the quadratic term

[:1 + ‘3(/[]' Cox T ( Jo + 91 ) €. ] -




Strain imposed by the substrate renormalizes the
quadratic term and enables strain engineering

New shape of the quadratic term

[:1 + ‘3(/[]' Cox T ( Jo + 91 ) €. ] -

Depending of the value of g,, g9,, e

XX

and e,
it is possible to modulate the coefficient of the quadratic term in order to:
Increase its negative value = enhance ferroelectricity

Decrease its negative value = reduce ferroelectricity




Pertsev et al. mapping the equilibrium
structure as a function of T and strain

The free energy is written as a function of polarization and
strain.

Temperature incorporated via a linear dependence of some
expansion coefficients

Infinite solid (no interface nor surface) subject to
homogeneous strain

Parameters are taken from experiments near bulk FE transition
The most stable phase is found by minimizing the free energy

ai(P{ + P;) + a3P; + af, (P} + P;) + af, P P;
+ai3(Pi Py + PyPy) + a3 Py + a1 (P + Py + P3) + a1 PL Py P;
+a113[ PPy + P?) + Py (P; + P?) + P{(P? + P3| + w2 /(s11 + 512)

a1 = ai(T, um); a3 = a3(T, um); 011 = a11(T); @33 = az3(T); G123 = 2123(T)

N. A. Pertsev, A. G. Zembilgotov, A. K. Tagantsev Phys. Rev. Lett. 80, 1988 (1998)




Pertsev et al. obtained a semiempirical phase
diagram for epitaxial BaTiO,

—
o 8
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PRL 80, 1988 (1998) Ferroelectrics 223, 79 (1999)

Courtesy of O. Dieguez




The scattering in the reported parameters produces
“range of transitions” rather than clean boundaries

BaTiO, SrTiO,

i
Range of !
ferroelactric ||
 transition

Paraelectric phase

o E
- =
o z
= =
o -
H_ o
£ o
i

| Range of
feilrueléctn: !}
| transdian | ¢ |

=l ¥t H “Femoelectric phase
m‘\ i DySeO;
['] ﬁ ‘ - 1 ! l
L 1 T

i a L 2 T T T T T T T T 1
0.6 0 0.6 ; s -0.012 -0.008 -0004 0.000 0.004 0008 0.012

In-plane strain & (%) In-plane strain, &,

K. J. Choi et al., Science 306, 1005 (2004) J. H. Haeni et al., Nature 430, 758 (2004)




First-principles phase diagram for epitaxial BaTiO,
resolve earlier discrepancy

In-plane Lattice Constant (A)
394 396 398 4.00 4.02 4.04 4.06
i — 1 ' T - T T = 1 —

No ac phase

o
LI LI

O
o
o
T
=
e
@«
-
Q
o
5
-

5 10 5 0 EETEEL
Misfit Strain (10™)

O. Diéguez et al., Phys. Rev. B 69, 212101 (2004)
B. Lai et al., Appl. Phys. Lett. 86, 132904 (2005)

Courtesy of O. Dieguez




Other perovskites epitaxially grown on a cubic
substrate theoretically explored

Polarization (C/m
=
S .

=
—

BaTiO,

<
o

|
7.5

—_
i
o

P (uC/em’)

o Py,

PN

L
o
T

=

4 2 0 2
epitaxial strain (% aeq)

C. Bungaro et al., PRB 69, 212101 (2004)

4

O. Diéguez et al., Phys. Rev. B 72, 144101 (2005)

SrTiO,

o
U

<
+

o

Polarization [C/m?]
o

iy 0
mistfit strain [%]

A. Antons et al., PRB 71, 024102 (2005)
Kim et al., Appl. Phys. Lett. 85, 5649 (2004)
T. Schimizu, Solid State Commun. 102, 523 (1997)




Recent simulations suggest that the strong strain
dependence is not an universal feature of all FE

Improper ferroelectric tensor: . T
- BiFeO, (P4mm) -

/

Total change of the spontaneous polarization
to linear order in the strain component
PbTiO, |
[ BiFeO, (R3c) -
A_ A A

*_"'--_
[ [T e
- LiNbO,

o
=
¥
T
o

=
R

If we assume that the in-plane directions 50~

are symmetric L
“my BaTiO,

-\.|__
et

A large c,; leads to strong dependence of _
polarization on epitaxial strain C. Ederer and N. A. Spaldin,
Phys. Rev. Lett. 95, 257601 (2005)

A large Poisson ration can supress this effect

The same is true for the sign and magnitude of ¢




Experiments: (001), BiFeO; films exhibit strong

strain tunability of the out-of-plane polarization

Rhombohedral (

(a) Monoclinic (M) R Monoclinic (Mg)

,__100 SRR | A V' — mfﬂ soivis vl i il
“'E o
2 O Filmson Si rojection onto
In previous simulations: g | 8 o e
. i = 80} AV Membranes -
(111),-oriented BiFeO, z b
tunability much smaller than [ e -
in (001 )p BaTi03 OI‘ PbTi03 % I — P,linear fit of experimental data 1
£ ~ = Pavariation by ¢/a ratio change i
é 40 @ Pythermodynamic calculation -
A Pgthermodynamic calculation
Lo First-principles calculation (Ref. 5)
% (111)-oriented film on (111) SITiOg
20 ! | | | L
-1.0 0.5 0 0.5 1.0
In-plane strain (%)
(b) : = ! Tn_oC
i A .pé'(ﬁi')gg"- @\__,
= ngm A MB 7 R
Strain tunability due to a
strain-induced rotation = 4R
. PR)
mechanism of the e Q)
spontaneous polarization
J2+ 2 .
Po(Ma)] =[P(C)| = PP<(R) = [P<(T) = P<(M) ‘[Ea.('ﬁ.'!al.________gs\‘l__\"‘ii Ve
H. W. Jang et al., Phys. Rev. Lett. 101, 107602 (2008) ISt g id et ied LI il




Electrostatic effects
Some questions that might be answered ab-initio

* Finite depolarizing field

- imperfect screening

- polarization gradient

- dead layer at the interface
couples with the polarization.
* Dependence of

- density of free carriers

- metal/ferroelectric interface

- partial screening inside the ferroelectric

on the screening mechanism?

R. R. Mehta et al.,
J. Appl. Phys. 44, 3379 (1973)




Different mechanisms for the appearance
of a depolarizing field

* Inhomogeneity of the
polarization distribution

K. Kretschmer and K. Binder, Phys. Rev. B 20, 1065 (1979)
M. D. Glinchuk et al., Physica B 322, 356 (2002)

» Existence of a dead layer at the
ferroelectric/electrode interface

A. Kopal et al., Ferroelectrics 223, 127 (1999)
A. M. Bratkovsky and A. P. Levanyuk, Phys. Rev. B 63, 132103 (2001)

* Incomplete screening by
real metallic electrode

I. P. Batra et al., J. Vac. Sci. Technol. 10, 687 (1973)
J. Junquera and Ph. Ghosez, Nature 422, 506 (2003)
M. Dawber et al., J. Phys.: Condens. Matter 15, 393 (2003)




Imperfect screening by real metallic electrodes
produces a depolarizing field

Vacuum
no screening

Screening by free charges

(electrodes or adsorbates)

electrode

Edl AP

electrode




Imperfect screening by real metallic electrodes
produces a depolarizing field

Vacuum Real electrodes Ideal electrodes
no screening imperfect screening perfect screening

o

+

Eg=-4mP E=-4naP £,=0

Depolarizing field £; :
Ea=-2AV/d AV=4T10c, A 6., =Pn

pol “eff po

depends on:
- the metal and interface chemistry: screening length Aosr
- the ferroelectric: the spontaneous polarization P
- the film thickness d




High-resolution TEM of a
typical ferroelectric capacitor

SrRuO, g
~BaTiO; -wﬁlwém

SrRuO;,

13 unit cells BaTiO; grown by MBE
J. Rodriguez Contreras, C. Jia, H. Kohlstedt, D. G. Schilom

Forschungszentrum Julich
Institut fur Festkorperforschung — Elektrokeramische Materialien




Simulations of ferroelectric nanocapacitors from
first-principles: Building the paraelectric unit celi

Short-circuit boundary

conditions \

Mirror symmetry plane

\>

SrRuQ,

Thickness: number
of BTO layers

SrTiO,

—
a = AgiTiog

N,, = 40 atoms




Simulations of ferroelectric
nanocapacitors from first-principles

Thickness:

m number of BTO cells

Polarization control:

& percentage bulk soft mode




The depolarizing field is directly proportional
to the induced polarization

» Charge density changes for € # 0 :

Complex pattern of charge at the interface 2.0

Beyond simple Thomas-Fermi screening
(with screening length 1)

1.0

0.0

 Electrostatic potential changes
(electrons + ions) for {#0 :

Charge density (10~ e/bohr”)

Potential drop at the interface: _ 6
AV linear with c,,, =P - n SN 0.9110° Viem

Effective screening length :

AV =47 L. Oy (A~ 0.23 A)

Depolarizing field :
E,=-2.AV/(m.a)

0.31 10° V/em

Potential (V)

J. Junquera and Ph. Ghosez, Nature 422, 506 (2003)




The depolarizing field is inversely
proportional to the thickness

Q.L “a{hQ,.L Za{h\ :

m=2 m=4 .= 6

23610° Viem 12610°Viem 091 10° Viem

Y -@:?@_ -@;‘@_ @.‘.‘@

OO DO DC‘ S.0% Q0% 8.0 .0~ Q.0 &0 DO DO DO S
¥ H QQ.“OQ.“O@Q@“OQQ@‘» 2 ) ¥ =

» Depolarizing field g,
evolves with thickness m : Ey=-2.AV/(m.a_,)

* Potential drop AV : AV =4 T A .0y




The depolarizing field depends on the interface

—
L
e
—
—
=
—
i
=
=
]
=
]
=
L

Na Sai et al., Phys. Rev. B 72, 020101 (2005)

SrRuO,/ BaTiO,

SrRuO,/ PbTiO, Incomplete screening

Pt/ PbTiO,

_ » “Perfect” screening
Pt/ BaTiO,




Existence of a critical thickness in monodomain films
DFT results

Critical thickness for m= 6

Smaller t, if relaxation of
all the atoms is allowed

J. Junquera and Ph. Ghosez, Nature 422, 506 (2003)

m = 2 : full atomic relaxation starting from a ferroelectric state
= the structure went back to the paraelectric state




Existence of a critical thickness in monodomain films
Electrostatic model

Bulk:

U=A&+B¢&

Thin film:

U = bulk
double-well
energy 2s

“0 10 20 30 40 50 B0 70 80 90 100 110 120
(%)

g, = 2.AV/(m .a_,,) g

The renormalization of the quadratic coefficient is always positive




Existence of a critical thickness in monodomain films
DFT versus model results

Minima below
bulk (§ = 1)

P, deduced

from g ..
J. Junquera and Ph. Ghosez, Nature 422, 506 (2003)

Behavior can be explained by electrostatic effects.
The chemistry of the interface buried in A




Twofold effect of the depolarizing field in
monodomain films

Ej=-4naP E=U-&,-P

Below the critical thickness: suppression of the ferroelectricity

Above the critical thickness: reduction of spontaneous polarization

1 1 I 1 | 1 I 1 | 1
50 75 100 125 150

thickness (A

J. Junquera and Ph. Ghosez, Nature 422, 506 (2003)

Y. S. Kim et al., Appl. Phys. Lett. 86, 102907 (2005)



Mechanisms for reducing the electrostatic energy:
Decreasing of polarization (and tetragonality)

Both AFM tip and High quality films
Au top electrode

Epitaxially “cube on cube”
AN *Coherent
PbTiO, -Atomically flat

‘Monodomain C. Lichtensteiger et al.,

Nb-SrTiO,
. ! Phys. Rev. Lett. 94, 047603 (2005)

c/a never saturates c-axis parameter of PTO
U substantially decreases

) Intrinsic surface effect below 200 A.
50 A film remain FE,

although with a
reduced value of P

Tetragonality c/a
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Phase transition from monodomain to polydomain
driven by the depolarizing field

PbTiO,/SrRUO,/SrTiO; (T = 300 K)

ifls,~0
(3—€) Multidomain : P, enhancefi by strain
..... Strained bulk Monodomain
- Unslirained bulk
|
_ : ' ' : .
) 1.080 : : £, 40
S 1.060 : : P, reduced by g,
- =l Monodomain
1.040
. 100 p P h_ £, very high
<] L . ol . -
w . ey L[]
50 | M . .U .
_ : : il Multidomain
: ; <P locals £ 0
- i E . = <Pz> = 0
% Pr : : il c/a — bulk ferro
é 50 :
a0 25
- R
0
0 200

Thickness (Ang)



Many DFT first-principles computations on size
effects in ferroelectric ultrathin films

PHYSICAL REVIEW B 72, 020101(R) (2005)

Ferroelectricity in ultrathin perovskite films

Na Sai, Alexie M. Kolpak, and Andrew M. Rappe

= _ ' k endi
PRL 96, 107603 (2006) L1z B Sl e I B S U8, A BB RIEL S 17 MARCH 2006

Ionic Polarizability of Conductive Metal Oxides and Critical Thickness
for Ferroelectricity in BaTiO;

G. Gerr:l.l'* ALK T:lgaﬂtse\-'.l N. Setter,l and K. Parlinski’
PHYSICAL REVIEW B 74, 060101(R) (2006)
Ab initio study of the critical thickness for ferroelectricity in ultrathin Pt/PhTiO,/Pt films

Yoshitaka Umeno.? Bernd Meye]'," Christian Elsiisser,*! and Peter Gumbsch!#

Interface Effect on Ferroelectricity at the RN
LETTERS

Nanoscale
2006

Yol. 6, No. 3

Chun-Gang Duan,'§ Renat F. Sabirianov,'$ Wai-Ning Mei,}$
483—487

Sitaram S. Jaswal,"® and Evgeny Y. Tsymbal*1§

week ending

PEL 96, 127601 (2006) 120 AR B BT U2 G B e BB 5 31 MARCH 2006

Stabilization of Monodomain Polarization in Ultrathin PbTiO; Films

D.D. chg.l AM. Kcnlpul-c.3 I. A. Eastman,' S. K. Streiffer.' P.H. Fuoss,' G.B. Stephenson,' Carol "l'hc‘rmps.cm.3
D.M. Kim.* K.J. Choi,* C.B. Eom.* I. Grinberg,” and A. M. Rappe”




Many DFT first-principles computations on size
effects in ferroelectric ultrathin films

Reference

Heterostructure

Method

Functional

Interface

ol

Junquera et al. [56)
Junquera el al.
Gerra el al. [63]
Umeno ef al. [89]

Duan et al. [86]

Na Sai et al. [64,90]

D. D. Fong ef al. [47]

SrRuQ3/BaTiO3/SrRuO3

SrRuOs /PbTiOs/SrRuO3

SrRuQ3z/BaTiOs/SrRuO3
Pt/PbTiOs/Pt

SrRuO3z /KNbO3z/SrRuO3
Pt/KNbO3 /Pt
SrRu03z/BaTiO3/SrRuO3

Pt/BaTiO3z /Pt
SrRuOs /PbTiOs/SrRuOs
Pt/PbTiO3 /Pt
SrRuO3z /PbTiO3z/vacuum
SrRuOs /PbTiO3 /OH, O or H

SrRuOs/PbTiO3/CO2
SrRuO3s/PbTiO3z/Hy0

NAO
NAO
PW
MBFP

LDA (CA)
LDA (CA)
GGA (PW91)
LDA (CA)
GGA (PW91)

LDA (CA)

GGA

GGA

SrO-TiO2
SrO-TiO2
SrO-TiO;
Ft-PbO
Pt-TiOg
Pt-PbO
Pt-TiOg
SrO-NbOa2
Pt-NbO32
SrO-Ti0;
RuO3-Ba0O
FPt-TiOg
Pt-BaO
SrO-Ti0O2
RBuO2-PbO
FPt-TiOg
FPt-FPbO
SrO-Ti0;

3.874 A (afimi0,)

I
3.874 A (atfip0,)

3.94 A [ﬂ.tSI;TiOJ
3.845 A [ﬂg;’rioaj

exXp
3.905 A (appri0,)

3.905 A (agihi0,)

exp

exXp
3.905 A (appri0,)




Be careful with the functional used...
GGA overestimates tetragonality and double-
well depth in bulk PbTiO,

Cubic phase Tetragonal phase
a cla u_(Ti) ul0)  uf0;)

LDA, MBFPP 3.880 : 1.050  0.5312 0.0923  0.6012
LDA, PAW 3.894 - 1.043  0.5334  0.0883  0.6018
LDA® 3.894 1.051

PWo91, MBPP 3.957 1.247 : 0.1938  0.6670
PWol, PAW 3.969 1.233 : 0.1859  0.6660
PBE. MBPP 3.962 1.244 : 0.1949  0.6675
PBE® 3.971 1.230

Expt. (298 K)° 3.969 1.064 X 0.114

...responsible for the absence of critical thickness in PbTiO; nanocapacitors?

Y. Umeno et al., Phys. Rev. B 74 060101 (2006)




Open question: what does produce screening
when no top electrode is used?

Surface structure (dipole) Metallization of surface

Energy (eV)

J. Shin et al., Phys. Rev. B 77 245437 (2008) YMnO3 free standing slab

N. Sai et al., cond-mat/0809.1453




Until today, monodomain studies,
goal of this work: multidomain simulations

Real electrodes
imperfect screening

g,=-4m[2. \,/d] P

Screening by free charges Formation of domains
(electrodes or adsorbates) (no net charge at surface)

electrode electrode or substrate

Edl AP

electrode electrode or substrate

Goal of this work




Main questions addressed in this work

* Is the phase transition as a function of thickness from...
homogeneous polarization to paraelectric?

homogeneous polarization to inhomogeneous polarization?

“It is not certain yet whether this instability in a single-domain ground
state results in paraelectricity or in many small domains”

J. F. Scott, J. Phys.: Condens. Matter 18, R361 (2006)

* If the second is true, do the domains have a defined structure?




Building the cell:
replicating the paraelectric structure

* N, repetitions in [100] direction.

* The energies of these cells as references.

SR

SITiO,

a =Ny - agio,

N, =N, - 40 atoms

a




Building the cell: inducing a polarization by hand

» Chosing a domain wall.

* Inducing a polarization by hand in the FE layer displacing
the atoms a percentage of the bulk soft mode.

-~

— SrRuQ,
Twinning on both
BaO (Ba-centered) | SrTiO,
TiO, (Ti-centered) ' | ' |

a =N, agmio,

N, =N, - 40 atoms




Relaxing all the atomic coordinates,
both in the ferroelectric layer and the electrodes

Forces smaller than 0.01 eV/A

No constraints impossed on the atomic positions




Polydomain phases more stable than
paraelectric structure for2 <N, <8

2-unit-cells thick BaTiO; layer Polar domains stabilized below

critical thickness for the
monodomain configuration

Ba-wall

Ti-wall

=
Lek]
E

>
z
=
2
b
=
w




Polydomain phases more stable than
paraelectric structure for2 <N, <8

2-unit-cells thick BaTiO; layer Polar domains stabilized below

critical thickness for the
monodomain configuration

Ba-wall

Ti-wall

As 1802 domains in bulk,

Ba centered domain wall preferred

5
Lek]
E

>
z
=
2
b
=
w




Polydomain phases more stable than
paraelectric structure for2 <N, <8

2-unit-cells thick BaTiO; layer Polar domains stabilized below

critical thickness for the
monodomain configuration

Ba-wall

Ti-wall

As 1802 domains in bulk,

Ba centered domain wall preferred

5
Lek]
E

>
z
=
2
b
=
w

No energy difference between N, =4and N, =6
Both of them might be equally present in an sample

(o and B phases in PbTiO,/SrTiO; interfaces?)
D. D. Fong et al., Science 304, 1650 (2004)




Polydomain phases adopt the form of a
“domain of closure”, common Iin ferromagnets

N, =4 N, =4
BaO domain walls T | | ] BaO domain walls

Ba-wall

Ti-wall

Energy/NX (meV)

C. Kittel (1946)



Polydomain phases adopt the form of a
“domain of closure”, common Iin ferromagnets

N, =4 _ _ _ N,=6
820 wall 2-unit-cells thick BaTiO, layer B0 wall

=
[
E
=
x
€
5
[=2]
=
)
c
w
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Equilibrium field distribution

Polarization distribution

G. B. Stephenson and K. R. Elder, J. Appl. Phys. 100, 051601 (2006)




Full first-principles simulations: the domains of
closure structure is more general than expected
Domains of closure appear even with symmetric metallic electrode

METAL

SUBSTRATE

Case I: Case II: Case TII:
StTi0, Conductor Vacuum
PbTiO . PbTi lf]'3 F"l:rTi[Z‘J_,q
SrTi'D:1 E\'vl"Ti'.']q SrTi01

SUBSTRATE

DEAD LAYER

YT

SUBSTRATE

S. Prosandeev and L. Bellaiche, G. B. Stephenson and K. R. Elder, This work
Phys. Rev. B 75, 172109 (2007) J. Appl. Phys. 100, 051601 (2006)

Domains of closure appear even in BaTiO; ferroelectric capacitors
“BaTiO, profoundly dislike significantly rotating and in-plane dipole”

“BaTiO, with the PZT configuration is thermodinamically unstable
because it directly transforms into 180 stripe domains after a couple of
Monte Carlo sweeps”

B. —K. Lai et al., Phys. Rev. B 75, 085412 (2007)




SrO layer at the interface behaves more like
SrTiO; than SrRuO; = highly polarizable
: b

Ti (bulk BaTio,) ' Mioa),gno, layer
Ba (bulk BaTiO,) | ' (bulk_BaTi0,), BaO layer
s S P i

Ti(9) i : i 0(9)
_ar——— 1 :
Ba(8) i ) i 0O(8)

L ' om
S ' e
M 150 o0)
S L o)
e AN 1.50

Ru(3) . ! 0(3)
-/_'f‘\-\_ ,-J\/_/:\\/\A
Sr(2) i 1% o)
' e P
_._,-‘1\ 1.50 -/-j‘-_._

M
Ru(1) i O(1)
: 0.00 i, T R

1.50

/\/\Jw« SITiD,) O (bulk STIO,}, SrO layer
IR [ et N
S 1.50

0 Ry (bulk SrRUO,) ,\/\//\,R O (bulk SrRuO,), RO, layer
s : M r=s ;
0.00C— = 0.00 e

7 65 4321012838 27654321012 3
Energy (eV) Energy (eV)

Projected Density of States in the reference paraelectric structure




Resulting phases show in-plane displacements
and small polarization

N, =4 Small polarization
BaO domain walls inside the domains

2 3
Ti-O chain

About 1/10 of bulk soft-mode polarization



In-plane displacements are very important
to stabilize the domains

In-plane displacements: ON In-plane displacements: OFF

2 3 2 3
Ti-O chain Ti-O chain

When in-plane coordinates are fixed,
structure goes back to the paraelectric phase




Relevant energy differences very small
in the ultrathin m = 2 capacitors

Ba-wall

Ti-wall

>

Energy/N % (meV)

=
®
E
=
>
=
1=
)
=
w




Relevant energy differences _
increase with thickness

X

>

Energy/N_(meV)

=
®
E
=
>
=
1=
)
=
w

Ti-centered domains

Ba-centered domains




Transition from vortices to standard 180° domains.
4-unit-cell thick layer, great increase in polarization

2 3
Ti-O chain




Transition from vortices to standard 180° domains.
4-unit-cell thick layer, great increase in polarization

Ti-O chain




In-plane displacements, _
contribute to stabilize domains

>

=
®
E
=
>
=
1=
)
=
w

Ti-centered domains

Ba-centered domains




Changing the electrode, the ground state of PbTiO,
changes from monodomain to polydomain

APPLIED PHYSICS LETTERS 9, 052907 (2007)

Monodomain to polydomain transition in ferroelectric PbTiO; thin films
with Lag ¢7Sr; 33MNnO4 electrodes
Lichtensteiger, et al.

PbTiGi La, .Sr,,.MnO, polydomain
7T, o g0, monodomain

1 ﬂ?_ T “--..-"'""'--..._.mm_“----III.--l-.m
m _..-.._.-u.-.....

=
e

o PBbTIO, on No-SrTi0,
—— Model Hamiltonian
B PbTiC, onlg, Sr, MnO,

7
— Guide 1o the eye

o
i

&
&
£
f:u 105
o
oh
]
=
@
-

If’I:;TiO&fr‘vlt:>-SrTi-:I:r:i maonodomain
100 200 300 400 500
Thickness [A]

S . 7 . week ending
PRL 94, 047603 (2005) PHYSICAL REVIEW LETTERS 4 EEBRUARY 3005

Ferroelectricity and Tetragonality in Ultrathin PbTiO; Films

Lichtensteiger, Triscone, Junquera, Ghosez.




Analysis of the electrostatic potential:
large field in x at the interface, residual depolarizing field in z

Pinning of
charged defects
at interface?

U

role on fatigue?

Two unit cells thick of BaTiO,



Preliminary results on SrRuO,/PbTiO,;/SrRuO,
m = 2, N, = 6 remain paraelectric

Good agreement with experiment

Ferroelectricity in Ultrathin
Perovskite Films

Dillon D. Fong,! G. Brian Stephenson,’” Stephen K. Streiffer,’
Jeffrey A. Eastman,' Orlando Auciello,” Paul H. Fuoss,’
Carol Thompson?

and 2 unit cells, no satellites are observed at
anv temperature, indicating that the samples
remain in the paraelectric phase.




Conclusions

- Many effects affect the delicate balance between short
and long range forces in thin films:

Surface

Mechanical (epitaxial strain)
Electrical (depolarizing field)
Chemical

 As a result of the different interactions, wealthy of phase
diagrams

» The question of suppression of ferroelectricity in ultrathin films
cannot be answered in general but, instead, must be addressed
independently for each individual system.

Slides available at: http://personales.unican.es/junqueraj

Contact: pablo.aguado@unican.es

javier.junquera@unican.es




Conclusions

« Polydomain phases in ultrathin BTO FE
films are stabilized below critical thickness in
monodomain configurations.

% (meV)

Energy/N

* The chemical interaction through the
interface is an essential factor since it affects
the in-plane mobility of the atoms.

Polydomains phases have a structure: Closure domains

Slides available at: http://personales.unican.es/junqueraj
Contact: pablo.aguado@unican.es

javier.junquera@unican.es

Preprint available in cond-mat 0710.1515
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More information ...




Size effects in ferroelectrics
Two works that challenged the standard viewpoint

10 unit-cells thick 2 monolayers thick
Pb(Zr,,Ti, )0, random copolymer

800 A
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Bias voltage (V)

Th. Tybell, Ch. Ahn and J.-M. Triscone A.V. Bune et al.
Appl. Phys. Lett. 75, 856 (1999) Nature 391, 874 (1998)




Size effects in ferroelectrics
Standard view until the end of the nineties

PbTiO; ultrafine particles ABO;, ultrathin films

Experiment Anisotropic mean-field calculations

(o]
o
o

-
o
]
o
e
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Critical thickness :
? portcte size (am) ' Pb(Zr, .Ti, ;)O,:~ 200A @ RT
PbTiO, : ~ 80A @ RT

K. Ishikawa, K. Yoshikawa, and N. Okada, S. Li et al.
Phys. Rev. B 37, 5852 (1988) Jpn. J. Appl. Phys. 36, 5169 (1997)




First-principles simulations on ferroelectric thin films
model Hamiltonian approaches

PbTiO; free standing slabs under stress free
and short-circuit boundary conditions are
ferroelectric

Evolution of the energy with thickness
for in-plane and perpendicular polarization

Polarization profile
0

-0.1 [

-0.2 [

03[

Polarization (C/m?)

_0'4 ! 1 1 1 1 1
o -4 3 2 1 0 1
Layer index

Ph. Ghosez and K. M. Rabe, Appl. Phys. Lett. 76, 2767 (2000)




First-principles simulations on ferroelectric thin films
full first-principles simulations

BaTiO; and PbTiO, free-standing slabs BaTiO,
under external electric fields to screen - B?Ojtef'“"jatfd A
the depolarizing field :

m [e/bohr]

depolarisation
field "°-

128345867

TiO,~terminated

m [e/bohr]

B. Meyer and D. Vanderbilt,

Phys. Rev. B 63, 193201 (2001) 12345867




Method: Computational details

First-principles calculations within
Kohn-Sham Density Functional Theory (DFT)

S |eSta : Numerical Atomic Orbital DFT code.

http://www.uam.es/siesta
J. M. Soler et al., J. Phys. Condens. Matter 14, 2745 (2002)

LDA, fit to Ceperley-Alder data
Ti, Sr, Ba, Ru: semicore in
valence

valence: Double-C + Polarization ; semicore: Single-C
400 Ry
equivalent to 12x12x12 for simple cubic perovskite




Ferroelectric layer: fundamental parameters of the
simulations

FE layer: N, repetitions in [100] direction and m cells in [001] direction

m = layer thickness " l

N, = domain period

* N, from 2 to 8 cells

* mfrom 2 to 4 cells

 FE layer made of BaTiO,.

« Domain wall in BaO and TiO,




Very small energy differences, very accurate
simulations needed

m=2, Nx =4

BaO domain walls

Structure Total Energy (eV)

Paraelectric -138326.083054

Multidomain -138326.084463

(E-Epara)/Nx = -0.00035 eV




Analysis of the electrostatic potential:
huge field in x at the interface, residual depolarizing field in z

Four unit cells thick of BaTiO,




Schottky barrier at the SrRuO,;/BaTiO,
SrO-TiO, interface

BaTiO,/SrRuQ, (theory):
q)p'-DA = 1.47 eV
o»,.PA =0.11 eV

£, 6.5C =1.73 eV

» BST/SrRuQ; (experiment*):

(I)p =1.45 eV
(I)n =1.75 eV

* A. J. Hartmann et al. Appl.Phys. A, 70, 239 (2000)




Due to the DFT band gap problem critical breakdown
field in DFT is smaller than real breakdown field

(c) DFT
Pathological
case

Real

Zero field P

J. Junquera and Ph. Ghosez, http://arxiv.org/abs/0711.4201




Metal Induced Gap States
BaTiO,;/SrRuO,

Projected density of States (PDOS) on TiO, orbitals

Local states in the gap at the interface
Small changes in BaTiO, valence bands
First SrO layer resembles to SrO in SrTiO,

34 TiO, plane

(bulk)




Band structure of bulk cubic BaTiO;:
a rather ionic material

High symmetry points in the
First Brillouin zone
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Ti 3s

Ph. Ghosez et al., Phys. Rev. B, 58, 6224 (1998)
rXxXxzmMm . I A R S X Ph. Ghosez et al., Ferroelectrics, 220, 1 (1999)

Well-separated sets of bands
Located in the same energy regions than the different orbitals of isolated atoms
Marked dominant character = labeled by the name of the main atomic orbital

Some covalent features (at the origin of the ferroelectric instabilities)




Phonon dispersion curves of bulk cubic BaTiO;:
unstable modes with imaginary frequencies
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Ph. Ghosez et al., Phys. Rev. B 60, 836 (1999)




Different families of ferroelectric materials

Rochelle salt

First ferroelectric material discovered (Valasek 1920)
Complicated crystal (NaKC,H,04-4H,0), 112 atom/cell

Any small deviation from the correct chemical composition
distroy the ferroelectric phenomenon




Different families of ferroelectric materials

Rochelle salt

Hydrogen bonded materials

First serie of isomorphous ferroelectric crystals
KH,PO, (KDP), 16 atoms/cell

Arrangements of hydrogens = different orientations (H,PO,)




Different families of ferroelectric materials

Rochelle salt

Hydrogen bonded materials

Copolymers

Long chains of C with elements
of different electronegativity




Different families of ferroelectric materials

Rochelle salt

Hydrogen bonded materials

Copolymers

Perovskite oxides




