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Hopping amplitude: t Coulomb interaction: U 

U >> t  Mott-Hubbard Insulator Antiferromagnetism

Heisenberg 
Hamiltonian

HHeis = J

X

hiji

~Si · ~Sj

Rotational invariant

[Sx, Sy] = iSz

In real materials: (easy axis) exchange anisotropy  
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3.      large when Z large      heavy elements      4d, 5drV ! !

Ru, Mo 

Ir, Os 

4.     has direction & breaks 
rotational invariance of                 
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 214 Magnetic Iridium Oxides

Sr2IrO4 : equivalent of cuprate La2CuO4 

~180o

HHeis = J

X

hiji

~Si · ~Sj

Jackeli & Khaliullin, PRL 102, 017205 (2009)

between j=1/2  
moments 

j=1/2 square lattice AFM 
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Electron/hole propagation in Sr2IrO4

hole hopping in s=1/2 AFM creates string of spin flips

Pärschke, Wohlfeld, Foyevtsova & JvdB, 
Nature Comm. 8, 686 (2017)

self-consistent Born 
approximation

=
+ ….



Pärschke, Wohlfeld, Foyevtsova & JvdB, 
Nature Comm. 8, 686 (2017)

photoemission inverse photoemission

Electron/hole propagation in Sr2IrO4

Strong electron-hole asymmetry 
see also PRB 99, 121114(R)
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Pärschke, Wohlfeld, Foyevtsova & JvdB, 
Nature Comm. 8, 686 (2017)

photoemission inverse photoemission

j=0 final states

j=1 final states

Electron/hole propagation in Sr2IrO4

B. J. Kim et al., PRL 101, 076402 (2008)

Strong electron-hole asymmetry 
see also PRB 99, 121114(R)
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Honeycomb α-RuCl3 

Plumb, Clancy, Sandilands, Shankar, Hu, Burch, H-Y Kee & Y-J Kim, PRB 90, 041112 (2014)

edge sharing [RuCl6] octahedra 

λIr/λRu  ≃ 3
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honeycomb Kitaev materials to consider

Li2IrO3

Na2IrO3
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RuCl3

K2IrO3
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honeycomb Na2IrO3

K large and FM, J small and AFM
Katakuri, Nishimoto, Yushankhai, Stoyanova, Kandpal, Choi, 
Coldea, Rousochatzakis, Hozoi & JvdB, NJP 16, 013056 (2014)

substantial anisotropy between links
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honeycomb Li2IrO3

• bond with large FM J

• bond with substantial FM K

• triplet dimer formation!

Nishimoto, Katukuri, Yushankhai, Stoll, Rößler, Rousochatzakis, 
Hozoi & JvdB, Nat. Comm. 7, 10273 (2016)
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honeycomb H3LiIr2O6

• FM K, weak AFM J, large K/J

• weak bond anisotropy

• why K smaller than Na2IrO3 ?

Yadav, Ray, Eldeeb, Nishimoto, Hozoi & JvdB, PRL 121, 197203 (2018)
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• why no LRO by J2 and J3?



honeycomb H3LiIr2O6

Remove H from Ir-O-Ir links

& smear out the + charge

Yadav, Eldeeb, Ray, Aswartham, Sturza, Nishimoto, 
JvdB & Hozoi, Chemical Science 10,1866 (2019)

Yadav, Ray, Eldeeb, Nishimoto, Hozoi 
& JvdB, PRL 121, 197203 (2018)
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Yadav, Eldeeb, Ray, Aswartham, Sturza, Nishimoto, 
JvdB & Hozoi, Chemical Science 10,1866 (2019)

Yadav, Ray, Eldeeb, Nishimoto, Hozoi 
& JvdB, PRL 121, 197203 (2018)



honeycomb H3LiIr2O6

• H polarizes oxygen orbital relevant for superexchange

• very strong effect of hydrogen disorder - affects QSL?

Remove H from Ir-O-Ir links

& smear out the + charge

Yadav, Eldeeb, Ray, Aswartham, Sturza, Nishimoto, 
JvdB & Hozoi, Chemical Science 10,1866 (2019)

Yadav, Ray, Eldeeb, Nishimoto, Hozoi 
& JvdB, PRL 121, 197203 (2018)



honeycomb K2IrO3

• Defect structure KxIryO2
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honeycomb K2IrO3

• Defect structure KxIryO2

• C3 symmetry

Mehlawat & Singh, arXiv:1908.08475 (2019)• Magnetic disorder above 2K

Johnson, Broeders, Mehlawat, Li, Singh, 
Valenti, Coldea arXiv:1908.04584 (2019)

• MRCI: large off-diagonal 
magnetic interactions → C3

• Alternative route to 
stabilize (Kitaev) QSL

Yadav, Nishimoto, Richter Jvdb, Ray, preprint (2019)
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Quantum 
chemistry 
calculations 

K large FM, J small AFM

Yadav, Bogdanov, Katukuri, Nishimoto, JvdB & Hozoi, Sci. Rep. 6, 37508 (2016)

 |K/J| ~ 5

Winter, Tsirlin, Daghofer, JvdB, Singh, Gegenwart & Valenti, JPCM 29, 493002 (2017)

Sears, Songvilay, Plumb, Clancy, Qiu, Zhao, Parshall & Y-J Kim, PRB 91, 144420 (2015)

Honeycomb RuCl3
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Honeycomb RuCl3
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Local electronic structure of α-RuCl3 

Quantum 
chemistry 
calculations 

~0.2 eV splitting j=1/2 to j=3/2 gxx = gyy = 2.51; gzz = 1.09

Yadav, Bogdanov, Katukuri, Nishimoto, JvdB & Hozoi, Sci. Rep. 6, 37508 (2016)
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Magnetic nearest neighbor interactions in α-RuCl3 

Yadav et al., arXiv:1604.04755

Quantum 
chemistry 
calculations 

K large FM, J small AFM

Banerjee et al., Nat. Mater. 4604 (2016)

However INS: K AFM

Yadav, Bogdanov, Katukuri, Nishimoto, JvdB & Hozoi, Sci. Rep. 6, 37508 (2016)

 |K/J| ~ 5

Winter, Tsirlin, Daghofer, JvdB, Singh, 
Gegenwart & Valenti, JPCM (2018)

Sears, Songvilay, Plumb, Clancy, Qiu, Zhao, Parshall & Y-J Kim, PRB 91, 144420 (2015)



Magnetic nearest neighbor interactions in α-RuCl3 

Yadav et al., arXiv:1604.04755

Experimentally: zig-
zag order below ~8K

K large FM, J small AFM

Sears, Songvilay, Plumb, Clancy, Qiu, Zhao, Parshall & Y-J Kim, PRB 91, 144420 (2015)

Yadav, Bogdanov, Katukuri, Nishimoto, JvdB & Hozoi, Sci. Rep. 6, 37508 (2016)

 |K/J| ~ 5

K>

K<

J>J<
Banerjee et al.

Yadav et al. 

Banerjee et al., Nat. Mater. 4604 (2016)

However INS: K AFM
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Magnetic nearest neighbor interactions in α-RuCl3 

Exact 
diagonalization 
calculations 

Yadav, Bogdanov, Katukuri, Nishimoto, JvdB & Hozoi, Sci. Rep. 6, 37508 (2016)

+ longer range Heisenberg J2 and J3

Static spin structure factor S(Q) from ED
B=0 T B=10.4 T B=11.2 T



Magnetic nearest neighbor interactions in α-RuCl3 

Exact 
diagonalization 
calculations 

Fit g-factorsCompare to 
experimental 
magnetization

Yadav, Bogdanov, Katukuri, Nishimoto, JvdB & Hozoi, Sci. Rep. 6, 37508 (2016)

+ longer range Heisenberg J2 and J3
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Baek, Do, Choi, Kwon,Wolter, Nishimoto, JvdB 
& Büchner, PRL 119, 037201 (2017)

Observation of B-induced spin liquid in RuCl3

Banerjee et al., Quantum Mat. 3, 8 (2018)

now also reported by neutron scattering

gapped spin liquid
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Conclusions
Based on quantum chemistry & cluster ED:

213 honeycomb iridates: K ~ -15 meV (ballpark)
strong bond anisotropiesinteractions beyond Kitaev 

residual interactions weak, anisotropy weak
ruthenium trichloride: K ~ -5 meV, |K/J| ~ 5 

in-plane field above B=~8 T: gapped spin liquid

honeycomb H3LiIr2O6 K ~ -12 meV, |K/J| > 6 

very strong effect of H disorder on magnetism

honeycomb K2IrO3 K ~ -6 meV, |K/J|~5,  |K|~| |Γ


