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® physicsof the 3d electrons
e strongly corr elated eledrons
@ Spin, charge, orbital degreesof freedom

LaMnO,: amaterial we understand today

some airrent frontiers: - orbital dynamics
- colossal magnetoresistance
- high temperature superconductivity



s Physics of the 3d Electrons

Strongly Correlated Electrons
- high temperature superconductivity
- colossal magnetoresistance

Interplay between
spin, charge and or bital
degrees of freedom

J. Hemberger et al.,
PRB 66, 94410 (2002)
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e Crystal Structure

3D - perovskite structure
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Pm3m  ided cubic perovskite

Pbnm GdFeO; - type distortion
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® Distortion of the TiO, octahedra
LaMnO, (Jahn-Teller Distortion)

LaTiO,/ YTiO,
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Cubic Perovskite

R;Mn,0O,
Bilayer Perovskite

—»  Threelayers



Crystal Field Splitting of the 3d levels
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B Jahn-Teller Distortion
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- g;-orbitals are bond-directional
- Coulomb repulsion from the O-atoms
- distortion of the octahedra

Strain versus Coulomb energy

Distortion o the MnO, octahedrain LaMnO, (manganites): Ad=c-a~ 0.25A
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- Distortion o the octahedra
- Crystal symmetry is changed
- Lifting of degenercy
Splitting of the dedronic levels

I ey orbitals

Hﬁ

l t,,—orbitals

e, orbitals



B Cooperative Jahn-Teller Distortion

Distortion of the octahedra

Changein Crystal Symmetry

- Distortion
- Tilt
- Rotation
of the octahedra




The orbital degeneracy in ground state is lifted by:

e crystal field splitting caused by lattice distortions
(Jahn-Téeller Effect)
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« orbital ordering with complex combinations of wave functions
 unquenched orbital angular momentum

® Superexchange I nteraction



elastic neutron scattering
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TABLE L. Structural data of LaMnOy (Phma) at three selected temperatures. Data collection has been performed on the diffractometer
T2, wsing a wavelength of 1.22 A The Jahn-Teller transition takes place al Typ=750 K. Cell parameters and atomic positions from
references have been put in the Pham setting. The representative atom positions of the asymmetric unit have been converted to those used
in our work. The structural parameters deseribed in the monoclinic space group P2, /n of Ref. 15 have been vused to produce a simulated
neutron diffraction pattern that has been refined using the Pham space group (see text).
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LaMnO; Mns*

e, orbitals ‘
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Hund s Rules - largest value of total spin S
- largest value of total angular momentum L
- J=| L-§] lessthan half filling
J = |L+S] more than half fill ing
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P Superexchange | nteraction

GoodenoughKanamori Rules
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electron canna delocalize intra-atomic Hund's
without considering rule favors ferromagnetic
the Pauli principle alignment in intermediate state
Spin: antiferromagnetic Spin: ferromagnetic

OQ: ferromagnetic-type OQ: antiferromagnetic-type



M Magnetic Order in LaMnO,

780 K 140 K resonant X-ray scattering
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LaMnO,; A-type Antiferromagnet
-ferromagnetic within the ab-plane
v ol -antiferromagnetic dong the caxis




Fha | nelastic Neutron Scattering

magnon dispersion
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Heisenberg Hamiltonian: momentum
H=%,JS*S band width ] J

J = exchange interadion






s Magnon Dispersion Relation in LaMnO,

Inelastic neutron scatering
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T <T,: anisotropic spin wave spedrum
reflectsthe orbital ordering pattern

K. Hirotaet al., PhysicaB 237, 36 (1997)



What are correlated electrons?

eledron-eedron Coulomb interadions
very week — independent electrons: ordinary metal

very strong — eledron crystal: Mott insulator

“strongly corr elated eledrons’ ind- or f-eledron metals:

* transport dominated by eledron-electron interadions,
very different from ordinary metals

* new theory of metals?



Metal-1 nsulator Transition

Due to the screening of the outer eledron shell, the intersite
Coulomb interadion plays adominant role for 3d-eledrons.

Energy gain due to eledron hopping is comparable to
the Coulomb repulsion.

Consder a half filled conduction band:

: "@ CP ideal metal:
H —ty Y o (r:;r:,;g | r:jgr:jg)
(4

b ¢ i
Kinetic energy dueto
P

eledron-hopping
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Metal-l1 nsulator Transition

Hubbard M odd

- the kinetic energy (eledron hopping)
wishes to delocdi ze the electrons
[1 metdli c behavior

- the Coulomb repulsion wants to
locdi ze the eledrons. q)
[ insulating behavior

H — <t > 0(elytio + tyejo) + U Y iymy,
2 "~ 5 J

b o - i

ngpﬁ_ﬂg Clowlomb




Metal-l1 nsulator Transition

Mott-Hubbard Transtion

Balance between:

Energy at A

tinerant | locdized
-t Hoppng Term remsen '

- U Coulomb Repulsion

6%6) 0 T o

Metal-Insul ator

o o b
q} q} q} Transition




g Metal-1 nsulator Transition

Mott-Hubbard Transition: Band Theory

) Upper Hubbard Band

Fermi
level

=
) L ower Hubbard Band

Meta | nsul ator

Final Step:
Thelocdized eledrons tendto order magneticdly!
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Metal-l1 nsulator Transition

What drivesthe phasetransition?

P(EF)

A

AFM
| nsul ator

U/t

Fermi _\ >
level _/ >
Meta | nsul ator
- dopng
- temperature

- external parameters
(magnetic field, stress, ...)
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M Spin, Charge and Orbital Order

Phase Diagram of La;_,Ca,Mn();
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After 50 years strongly correlated electrons

LaMnO,; well understood!
Are Trangtion Metal Oxideswell understood?

NOT AT ALL!!

- HTc superconductors (cooperates)

- Unconventional HTc supercondtctors
- Colossl Magnetoresistance

- Frustrated Magnets

- Quantum Magnetism

- Orbital Excitations



e LaMnO,: unsolved problems

Inelastic Neutron Scattering: Spin Wave Dispersion
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large deviations from predictions of simple Heisenberg model

- Interadion with phonons?
— low-lying orbital excitations?
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Orbital physicsis more complicated!

Spin Structure in LaTiO,

Tis* 3d,

| nelastic Neutron Scattering:
Integrated intensity of the

(Y2 Y2 Y9 antiferromagnetic
Bragg reflection.

G-type spin structure.

expeded for a3D Ti®* ion:
Ho=0.85pg / Tis*

2D perovskite Cu?*:
Ho = 0.60 g / Cu?t

B. Keimer et al., PRL 85, 3946 (2000).
C. Ulrich, M. Reehuis, J. Hemberger (2004).
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Inelastic Neutron Scattering: Spin wave dispersion in LaTiO,
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B. Keimer et al., PRL 85, 3946 (2000).



LaTiO,: larger bondange 6 ~ 156° (AFM) Proposed
[0 wideband Ti 3d!-orbitals

YTiO,: smaller bondangle 6 ~142° (FM)
[1 narrow band
smaller Ti-Ti hoppng
weakened superexchange

e Spin ferromagnetism as predicted by
electronic band structure clculations

e GoodenoughKanamori rules obeyed

Theory: ‘(’U>13 = Cl‘ yz> + CZ‘ Xy>
Sawada & Terakura ’ _ |
Mizokawaet al. ‘l,U>2,4 = cl‘ xz> + cz‘ xy> Experiment:

Akimitsu et a. (neutrons)
Iltohet a. (NMR)

[1 anisotropic spin wave spedrum expeded
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C. Ulrich et al., PRL 89, 167202 (2002).
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Orbital Fluctuationsin LaTiO,

t,, Orbitalsversuse, orbitals

- not bond directional: JT - couplingisrelatively wee
- two equivaent orbitals on every bond : quantum resonance
- large degeneracy : fluctuations are enhanced
t,superexchangein LaTiO, <>
c-bond:
4t? 1 1
v($S] + 7)) (TiTj + 4 nn, )ab

spin pseudospin on orbital doubl et

Spin-orbital resonance

spin : triplet resonance | spin : singlet
orbital: singlet orbital: triplet

orbital fluctuations:

with fixed exchange parameter J= 155 meV from neutron scatering:
- antiferromagnetic state

- reduced magnetic moment of 0.5 pig
- isotropic spin dynamic with aspin gap of 3 meV G. Khaliullin, S. Magkawa,
PRL 85, 3950 (2000).



New Orbitally Ordered States

derived from superexchange model with spin
ferromagnetism imposed (Khaliullin & Okamoto, PRL 2002

(00r) (rom) (m0) (009

» reduced anisotropy due to strong abital
guantum fluctuations

* naturally explains gatially isotropic
magnon dispersions, small magnongap

e prediction: ORBITONS  (i.e. orbital wave)



B Collective orbital excitations: Orbitons

Colledive orbital excitation orbital wave

Dispersion
Energy gap

0o0m? 000 (OO (wRwEO 000 e

LaMnQO,

Observed by Raman light scattering?
E. Saitoh et al., Nature 410, 180 (2001).

Assdgned to two phonon excitations (IR) inanalogy to
M. Grininger et al., Nature 418, 39 (2002). magnors or phonors
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high energy Raman peak at 230 meV in LaTiOjand YTIO,

possbly two-orbiton excitation
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not atwo magnon excitation
not a polaron (both are insulators!)

aso seanin IR transmisson
(M. Griuninger, cond-mat/0503405)
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Two Orbiton Raman scattering process

Two-orbiton process

Two-magnon process

%/\

L

2-0orbiton excitations

T T T T T
{ Laser: 514.5 nm

(arb. units)

Intensity

T=13K
| (z.2)

1000 2000 3000 4000 5000
Raman Shift (cm™)

YBa,Cu 04,5 insulating AF

K.B.Lyonset al.,
Phys. Rev. Lett. 60, 732 (1987).
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neutron sattering isan excellent techniqueto study
the interplay between spin, charge, and orbitals

Elastic neutron scattering - Nuclear
- crystals dructure
- orbital order

Elastic neutron scattering - Magnetic
- magnetic moment
- spin diredion

|nelastic Neutron Scattering - Magnetic
- Spin gap energies
- pin wave dispersion
- strenght of the exchange interadion
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