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Wide diversity of properties

A Metals: CrO2, Fe304 T>120K

A Insulators: Cr203, SrTiO3,Co0

A Semiconductors: Cu20

A Semiconductocmetal: VO2, V203, Ti407

A Superconductors: La(Sr)2CuO4, LiTiO4, YBCO
A Piezo and Ferroelectric: BaTiO3

A Catalysts: Fe,Co,Ni Oxides

A Ferro and Ferri magnets: CrO2, gammaFe203

A Antiferromagnets: alfa Fe203, MnO,Ni©

A lonic conductors (batteries) LixNkD

A Oxide fuel cells use Manganites and cobaltates

Properties depend in detail on composition and
structure
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Mizokawa et al PRB 63, 024403 2001

Model for Charge, Spin and Orbital
Correlations in Manganites

Mn4+ , d3, S=3/2 ,No quadrupole ; Mn3+, S=2, orbital degenera




Ordering In strongly correlated systems
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Novel Nanoscale Phenomena in TransitiMetal Oxides

lonic Oxide Polar Surfaces
Stabilization of polar surfaces by epitaxy

Sr O Sr O Sr O

<10 ML
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Transparent insulato=» %2 metallic FM
Applications Spintronics; CMR

Correlated Electron System Surfaces
Kinks and steps stabilized by epitax

NiO(100=» 1D Metallic steps
Superconducting Copper oxides

Applications Novel SC; QuBits

Electronic Structure of Interfaces
Metal-Insulator interface: gap suppression
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Applications Molecular Electronics;
Fuel Cells; Thermal Barrier Coatings

Strained 2D Layers  Positive and negative pressure
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Applications CMR; M Transition; Orbital Ordering

Artificial Molecules Embedded into a Material
Ca, Mg, Sr, Ni vacancies eiNGubstitution in oxides
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Important for TM Oxide Interfaces

A Charge, spin, orbital, lattice degrees of
freedom

A Charge transfer vs Mott Hubbard gaps

A Strongly ionic ( Madelung potential effects)
A Polar surfaces/interfaces

A Strongly non uniform polarizabilities

A Electronic polarons and band gap closing at
Interfaces



Correlated Electrons in TM Oxides
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E, ionization energy Epol depends on surroundings!!!

E, electron affinity energy A 3 Hubbard, Proc. Roy. Soc. London A 276, 238 (1963
Ey Madelung energy AZSA, PRL 55, 418 (1985)

At a surface the charge transfer energy decreases , U increases



Defects study: Supercell approximation

To study defects we want to Abreak
(wires) or three (single impurity) dimensions.
Slab geometry:
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Neutral (110) surfaces of NIO

Slab of 7 NiO layers LSDA+U: U=8eV J=0.9eV
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Band gap at the surface decreases from 3 eV to 1.2 eV

Can we get delta to go negative?
Step edges could be 1D strongly correlated metals



Negative CT gap at stepped surfaces?

Kinks and steps stabilized by epitaxy

NiO(100) 1D Metallic steps
Superconducting Copper oxides
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Ni2+ goes to Nil+(d9) and holes in O 2p for negative charge transfe
l.e. self doping-----1ooks like hole doped cuprates!!!

New High Tc??

Watch out for small particles with lots of surfaces and corners
Including polar surfaces. To have Magnetism in small particles
freshly prepared is actually almost generally expected .



lonic Materials can exhibit Polar
surfaces and interfaces and They HAV
TO reconstruct



Polar (111) Surfaces of MgO

Finite slab of charged planes

\Y%
AV

/=58 Volt per double layer!




Types of reconstruction

Electronic lonic Chemical
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Rearrangement of Rearrangement of Vacancies or add lons
electrons lons faceting (K+) or OH
: - : K-depositon:
KGeo NiO(111): _
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337, 268 (1995).



Super Conductors:
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Interesting materials in which
electronic reconstruction can
strongly alter properties and
which can be used for interface
engineering to develop new
devices with exotic properties.

Perovskites: LaTM@Ti,V,Mn ...)
Spin, charge and orbital ordering

». (001) surface in
trivalent compounds




Examples of non polar layer structures




ad atom stabilization of Polar surfaces

Important also for growth

A NiOgrown by MBE is covered by a monolayer of
OH- =1/2 the charge of the Ni2+ layer
underneath and therefore stable

A MnSsingle crystals grown with vapor transport
methods yield large crystals with 111 facets????
Covered by a single layer eihd the crystal
grows underneath. Like a surfactant

A ¥ Bamissing on the surface of BaFe2As2
A K+ ad ions on YBCO

A Use add large ions as surfactants during growth
of polar surface systems



Octapolamreconstruction oiMgO(111) slab

Top view Side view

Effective surface layer charge = +2(3/4)1/4) = +1



ELECTRONIC RECONSTRUCTION

Transfer one electron from O layer to Mg layer

R

Mg O Mg O Mg O

+1 -2 +2 -2 +2 -1
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metallic! And
ferromagnetic



Hesper et al PRB 62, 16046 2000 coined the phrase electroni
Reconstruction for K3C60 surfaces

111 surface of K3C60 and its polar nature.
(b)

several terminations are possible and at least 2 different
Photoemission spectra at the surface have been observed
corresponding to C60 1-2.5 Ceo



Hossain et al., Nature Physics 4, 527 (2008)

Fermiology across the Cuprate Phase Diagram

CCOC - x=0.12 Overdoped TI2201 T12201 - x=0.26
— Quantitative agreement between
single-particle and transport probes R
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Can this be the gateway to a unified
picture for underdoped cuprates? AMRO — Hussey (03)

ARPES on YBCO6.5



Hossain et al., Nature Physics 4, 527 (2008)

Our ARPES studies of Ortho-ll YBCO06.5
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Electronic Reconstruction

A Energetically favourable in ionic systems
with small band gaps and in systems witl
multivalent components ( Ti,V,C60,Ce,Eu

)



A. Ohtomo, and H.Y. Hwang, Nature 427, 423 (2004).
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electronic reconstruction —
metallic interface



S.Thiel etal Science 313, 1942 (2006)

Influence of the La AlO3 thickness on a SrTiO3
substrate on the conductivity
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N.Reyren et al Science express 317, 1196 207

Superconducting interface SrTiO3/LaAlO3
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http://www.sciencemag.org/content/vol317/issue5842/images/large/317_1196_F2.jpeg

Interfaces between narrow band
semiconductors and metals may be
very different from broad band
semiconductors like Si or GaAs



Narrow band width ultra thin layers on
Polarizablanedia

A correlated electron systems mostly have
band widths of only 2 eV

AMolecular solids have very small band
widths of 1eV or less

A Si,GaAs have band widths of-20 eV
and behave very differently at interfaces
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Manipulating Material Properties

U magnetic : (super) exchange, T,

U electrical : (super) conductivityTM-I-T

U optical : band gaps

How about using Image Charge Screening ?

PES (E)) IPES (Ep)
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X Band gap : E,=E0- —



Potential of a point charge in the neighbourhood of a

dielectric Macroscopic continuurmuniform
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Si, Ge Molecular
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Conventional wide band semiconductometal interface

Ejap= CONstant ?

Narrow band semiconductaymetal interface in which

The polarization cloud can follow the electron yielding
a9[ 9/ ¢whbL/ th[!whbQQ

Examples are molecular solids , strongly correlated systems , TM-RE



A=1.6eV Monolayer on Ag(111) . o
- _ Combined photoemission

—C;{DC , (solid lines) and inverse

R photoemission (dots with

solid lines as guide to the eye)

spectra of the £ monolayer
on Ag(111) (upper panel) and
the surface layer of solid,C
(lower panel). Also included
are the photoemission
spectra (dashed lines) of the
fully doped ¢, 0 gCY,€ U
monolayer on Ag(111) and
the surface layer of solid

INTENSITY (arb. units)

KeCoor
HOMO — 3.3eV — LUMO R. Hesper, et al Strongly reduced band
11 | 1111 | 111 1 | 111 1 | 111 1 | 111 1 | | T | | | I | 11 1 1 | | I - gap in a Correlated inSuIatOr in CIOSe
4 3 2 1 0 -1 -2 -3 -4 proximity to a metal

Europhysics Letters40, (1997) 177182.
ENERGY (eV)

U Band gap is reduced !

S. Altieri, et al. Reduction of Coulomb and
charge transfer energies in oxide films on
metals Phys. Rev. 59 (1999) R25172520.

U Molecular Orbital Structure is conserved !



polarizability in TM compounds Is
very non uniform

¢KS RASEtSOGNRO O2yaidl yi
andnotonly kN> ¢ |y R &2 La |
Strong local field corrections for short
range interactions

Meinders et al PRB 52, 2484 (1995)
Van den Brink et al PRL 75, 4658 (1995)
J. van den Brink and G.A. Sawatzky EPL 50, 447 (2000)

arxiv:0808.139@008, EPL 86, 17006 (2009¢avy aniorsolvationof polarity
fluctuations inPnictides G.A. SawatzkV.S. Elfimou. van den Brinkl. Zaanen

arXiv:08110214v 2008 PR®, 214507 (2009) Electronicpolaronsandbipolaronsin Fe
based superconductoriglona Berciu, llya Elfimov and George A. Sawatzky
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Homogeneous Maxwell Equations
e0 NX NIXewcNIR & €Qq)
Ok if polarizability i1s uniform

V(@) = (?)(

In most correlated electron systems and
molecular solids the polarizability is actually
Very NONUNIFORM



Effective Hamiltonians can be misleading

A Hubbard like models are based on the
assumption that longer range coulomb
iInteractions are screened and the short range
on site interactions remain

A However U for the atom is about 20 eV but U
as measured in the solid is only of order 5 eV
and for the pnictides even less than this

AHOW IS THIS POSSIBLE?







H,..=U - 2zPa N_Ng +2PQ M2,
| R

So the reduction of the Hubbard U in a polarizable
medium like this introduces a strong
Next nn repulsive interaction. This changes our model

For a different geometry actually the intersite
Interaction can also be strongly reduced perhaps ever
Attractive ( Fe Pnictides)
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FIG. 5. The effective Coulomb interaction on different or-
ganic molecules. The carbon polarizability is 0.56 A®. The

full line represents the bare Coulomb repulsion. The dashed
lines are guides for the eye.



Note short range interactions are
NERdJzZOSR & aONBSYyS
range interactions are enhanced or
antiscreeneedguite opposite to
conventional wisdom In solid state
physics

Jeroen van den Brink Thesis U of Groningen 1997



A Picture of Solvation of ions in a polarizable med,

W PES (E IPES (& T

Full polarization can develop provided that Dynamic
Response Time of the polarizable medium is faster than
hopping time of the charge

DE (polarizability) > W ;DE® MO energy splitting in
molecules, plasma frequency in metals-



We are alive because of
Solvation

lons both positive and negative In
our bodies regulate most everything



Rough estimate
Atomic or lonigyolarizability~volume

A Consider atom = nucleus at the center of a
uniformly charge sphere of electrons

AIn a field E a dipole moment is induced B=

A For Z = 1 and 1 electron restoring force =



Reduction of U due tpolarizablilityof
02 (SOLVATION)

U=Eg™i1 E,"M -2Epol

E, Ionization energy
E, electron affinity energy

1%,
Epok=Q ..
28 5

Epol = gi%ﬂﬁf For 6 nn of O2~ 13eV
For4 nn As3 ~17eV

ELECTONIC POLARON



What about intersite interaction V?

1

Vi=V, — 5 Z u[{El + Egjg — E‘lg — Eé]

COTRTILOTLE
vhich reduces to V' = V; — 2aE, - B>, where 2 ret

Can be repulsive or attractive depending on bond angle

For pnictides the FAsFe nn bond angle is ~70 degrees
Therefore the contribution to V Is attractive ~4 eV



Polarization cloud For Two charges or
bSAIKO2NAY I CS
BIPOLARON
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Mona Berciu et al PR, 214507 (2009)




The Motion of a single quasi particle
These move like electronpolarons

l.e. the overlap integral of the polarization clouds

Mona Berciu et al PRB, 214507 (2009)



Mona Berciu et al PR, 214507 (2009)
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FIG. 3: (a) teg/t and (b) tlg/t" vs. €, for a polarizability
a, = 7,10 and 12A4°%. The dots show the values used here.

The effective polaron mass is simply t/teff =2.2 this
IS light compared to conventional lattice polaron masses



Angular resolved phtoemission comparison with LDA LaFePO
Lu et. al Nature 455, 81 2008

NOTE The band theory result has been
shifted up by 0.11 eV and scaled down by a factor of 2.2



