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ǐOrbital chemistry

ǐJ=3/2 octupolar order

ǐJ=1/2 magnetism & doping

ǐJ= 0  excitonic magnets, etcé

Exotic magnetism in spin-orbit Mott 

insulators



1Å

d-electron

Transition metal compounds



1Å

f -spins p-bandsd-electron

U ~ W U << WU >> W

localized itinerantăin-betweenò



1Å

f -spins p-bandsd-electron

U ~ W

local
moments

bands and
chemical bonds



1Å

f -spins p-bandsd-electron

U ~ W

local
moments

bands and
chemical bonds



Goodenough-Kanamori rules

strong AF exchange JAF = 4t2/U

weak FM exchange JFM = -
JH
5

JAF

bonding orbitals (hopping t ): 

non-bonding orbitals (no hopping): 
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Sr2CuO3 Li2CuO2

J = 250 meV J ~ 0 

Lattice geometry dictates

orbital overlap & magnetism

180° bonding 90° bonding

t Í 0
bonding orbitals

t = 0
non-bonding orbitals

eg

orbitals



Sr2IrO4 Na2IrO3

J = 100 meV J ~ 0 

Lattice geometry dictates

orbital overlap & magnetism

t Í 0
bonding orbitals

t = 0
non-bonding orbitals

J=1/2

orbitals180° bonding 90° bonding



orbital magnetism

L=1

L-moment

Ăquenchedñ

d1=z(x+iy)

d-orbitals:  t2g versus eg



Orbital interactions: 

ORBITAL MAGNETISM 

GKh & Okamoto (2002)

simple cubic

lattice:  
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Orbital L frustration Pseudospin J frustration

Spin-orbit coupling

Kitaev model

Jackeli & GKh (2009)



Spin-orbit multiplets of TM-ions

Abragam & Bleaney (1970)

s p i n  ðo r b i t    M o t t i n s u l a t o r s

Co,Rh,IrV,Nb,Mo Ru,Re,OsMo,Re,Osd1 d2 d4 d5

g= 0 g= 1/2 g= -2g= 0



Spin-orbit multiplets of TM-ions

V,Nb,Mo

Abragam & Bleaney (1970)

d1

SL

d2 d4 d5



Phase transition of unknown origin in Sr2VO4

Zhou et al., PRL 2007

Bothlatticeandmagnetisminvolved
No magneticBragg peakshavebeendetected



Perovskite Sr2VO4

V4+ S=1/2, L=1

J=3/2,  g=0



Magnetically hidden order in Sr2VO4

Jackeli & GKh (2009)

+

Condensate wave-function

SzLz

no magnetic moment

Order parameter: octupolar moment

SE  +  SOC  +  JT



Elementary Excitations 

αoctuponά

magnon

Continuum,Mx

octupolarBragg peak

NeutronsX-rays



Spin-orbit multiplets of TM-ions

Co,Rh,Ir

Abragam & Bleaney (1970)

d1 d2 d4 d5

SL



Pseudospin 1/2 exchange interactions

J=1/2 wavefunction

=

t Í 0
bonding orbitals

t = 0
non-bonding orbitals



Two hopping paths A & B: positive  interference 

Path A: t/3 Path B: t/3

A + B = (2/3) t    

Net hopping:  large, spin-isotropic

J (SiSj) 

Perovskite Sr2IrO4

Jackeli & GKh (2009)



J. Kim et al. (2012)

Sr2IrO 4

TN~240 K

Coldea et al.(2001)

La2CuO4

TN~320 K

Spin-waves: iridates vs cuprates



The key elements in high-Tc cuprates

ðquantum spins 1/2 

ðsingle orbital 

ðstrong AF 

ðtwo D 
x2-y2

Pseudospin  one-half  Sr2IrO4   possessesall theseingredientsé



B.J. Kim et al. (Science 2014)

ĂFermi-arcsñ at low doping

Pseudogap opens at low T

éand closes at 110 K

Ănormalñ FS

T-dependent pseudogap in Sr2IrO4

many-body effect !



Two compounds with similar     
magnetism,  fermiology,  lattice

Sr2IrO 4
La2CuO4

Pseudogap: common to both

? superconductivity ? 



A + B = 0
no hopping

Edge-sharing octahedra

A = iů t/3 B =  - iůt/3

Two hopping paths A & B: negative interference 

non-bonding, no exchange



Edge-sharing octahedra

A = iů t/3 B =  - iůt/3

Two hopping paths A & B: negative interference 

t WI

Jackeli, GKh (2009)

A + B = 0
non-bonding orbitals

SzSzweak Ising = -( 
JH
5

JAF)



ɲML = 0 ɲML = ± 2

orbital conserved orbital unconserved

isotropic
exchange

anisotropic
exchange

t2g-hopping:180° versus 90° bonding



Honeycomb lattice Kitaev model

O Jackeli, GKh (2009)

SzSzIsing = -( 
JH
5

JAF)
WI

1/2 1/2

3/2

no spin-flip  possible

ɲM= ± 2



The Kitaev model 

Exactly solvable, QSL 

Free Majorana fermions

Relevant for quantum computing  

Dirac cones  EF

SxSx SySy

SzSz

SŬ =  c   fŬ

Itinerant

local


