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Among baryons, antibaryons, and mesons, any process 
which is not forbidden by a conservation law actually does 
take place with appreciable probability. We have made liberal 
and tacit use of this assumption…

“Everything not forbidden is compulsory.”

--Murry Gell-Mann

If a state of matter is allowed by physics, 
it exists and we can find it.



Alexei Kitaev
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Kitaev model

• Bond-directional dependent Ising
coupling → exchange frustration 

• Ground state for S=1/2 moments 
on a 2D honeycomb lattice is an 
exactly solvable quantum spin 
liquid (QSL)

• Fractionalized spin excitations in 
the QSL are topologically 
protected gauge flux and Majorana 
fermion pairs



Two types of excitations in Kitaev spin liquid

Paramagnetic Spin fractionalization Quantum spin liquid

Z2 flux

Fractionalization of quantum spins

Spin 1/2 Itinerant Majorana fermion

Localized Majorana fermion
Z2 fluxes (Vison)

Itinerant Majorana fermions

T > JK T < JK T << JK

Slide from Y. Matsuda



Proposed physical realization: Edge-sharing octahedra in 
honeycomb Jeff = ½ Mott insulators leads to bond directional, 
Kitaev-like exchange

Image from Trebst Image from Jackeli and G. Khaliullin



Image from Trebst

How do you make a Jeff = ½ Mott Insulator?

Available 4d/5d ions include:  Re2+, Ru3+, Os3+, Rh4+, and Ir4+ .



Chaloupka, Jackeli, and Khaliullin

J = cos φ, K = sin φ

Generic Hamiltonian Heisenberg Kitaev model (Γ = 0)

J is the isotropic Heisenberg coupling 

K is the Kitaev coupling

Γ is a symmetric off-diagonal exchange 
that couples the two orthogonal spin 
components α, β ⊥ Ɣ for a bond along the 
Ɣ = x, y, z direction.

More Realistic Hamiltonians



Na2IrO3 – the first Kitaev material

Honeycomb lattice
Jeff = ½ Mott Insulator
Zig-zag magnetic order, TN=15 K
Small trigonal distortion of the IrO6 octahedra

Idea: if Na is replaced by Li we can move closer to ideal Kitaev model



⍺-Li2IrO3

Work on Li2IrO3 led to the discovery 
of hyper-honeycomb β-Li2IrO3 (Takagi) 
and stripy-honeycomb ɣ-Li2IrO3 (Analytis). 

Image from Lee, Rau, and Kim

• ⍺-Li2IrO3 is isostructural to Na2IrO3

• Difficult to grow large crystals

• Iridium is not neutron friendly

• TN = 15 K

• Unusual incommensurate magnetic order with 
counterrotating moments on NN Ir sites

• Similar counter-rotating spiral magnetism in all 
polymorphs

• Kitaev interactions in ⍺-Li2IrO3 are enhanced 
compared to Na2IrO3

• Is it possible to go smaller than Li?



Use ion exchange to replace Li with H

All of the interlayer Li+ ions of α-Li2IrO3 are replaced with H+ ions
but the LiIr2O6 honeycomb plane remains as it was.

“We therefore conclude that H3LiIr2O6 is a quantum spin liquid.”

N.B. The authors have not yet claimed H3LiIr2O6 is a Kitaev QSL



H3LiIr2O6

LiIr2O6 layers have very strong Kitaev interactions.

No magnetic order down to 50 mK.

Caveats:

i) the specific heat displays a low-temperature divergence of C/T ∝ T−1/2; however the Kitaev model has 
vanishing specific heat.

ii) only a small fraction of the total magnetic entropy is released experimentally; however 
the Kitaev model releases half its entropy at low T.



Ion Exchange Reactions



Ag3LiRh2O6



Ag3LiRu2O6: C12/m1
a = 5.2259(6) Å, b = 9.0356(10) Å, c = 6.5267(6) Å, b = 105.716(10) Å
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HAADF-STEM (Z-contrast) image along [310] 

No obvious Ag vacancy was observed.

Ru also distributes homogenously.



Cu2IrO3 was synthesized using a topotactic cation 
exchange reaction according to Na2IrO3 + 2CuCl 
→ Cu2IrO3 + 2NaCl under mild conditions (350 °C 
and 16 h).



Moving away from Ir – RuCl3

• Quasi-2D system with a van der Waals gap
• Honeycomb lattice
• Jeff = ½ Mott Insulator
• Orders magnetically at 7 K



AFM KitaevAFM Kitaev,
S1/S0 x 2

RuCl3 comparison with Kitaev model calculation

• Form factor and instrumental 
resolution included for 
comparison with experiment

• Central part of the scattering 
is described well by Kitaev 
Majorana mode

Kitaev QSL only depends on self-
(S0) and NN (S1) correlations.
Nearly quantitative agreement is
found for:

• Enhanced S1/S0 (~2x)
• NNN correlations (~10%)

AFM Kitaev +NNN



CuSO4·5D2O.



In-plane magnetic field suppresses magnetic order in RuCl3 

B=0T B=2T

B=4T B=6T

Spin wave intensity fades with increasing field, spectral weight shifts to the continuum scattering



• At 8T spin waves are suppressed leaving only intense 
continuum scattering with a polarization gap at the Г-point

• Cut along [H,0,0] traverses the arm of the zero-field star pattern 
that arises from further-neighbor correlations

• Narrowing peak indicates that further-neighbor correlations are 
diminished by a field

B=8T

High-field state is a gapped spin liquid with short-range correlations, may be connected to 
the Kitaev QSL (investigation ongoing)



The 5d transition metal ion Os3+ is subject to an
enhanced spin orbit coupling compared to Ru3+

Reports of the synthesis and basic properties of OsCl3
circa 1960-70 found the compound to be isostructural
to RuCl3, with a room-temperature effective magnetic
moment µeff = 1.77 µB.

This observation provides strong evidence that 5d5 Os3+
ions are in the low spin ground state with Jeff = ½, as is
the case for Ru3+ in α-RuCl3.

A recent DFT calculation for a monolayer of OsCl3
suggest that the system may exhibit exotic phenomena
apart from Kitaev physics, including a quantum
anomalous Hall effect and topological phase
transitions.

OsCl3—5d analog of RuCl3





Our study is partially motivated by the recent experiments on cobalt compounds 
Na2Co2TeO6 and Na3Co2SbO6 with a layered hexagonal structure. In both systems, 
the d7 ions Co2+ form a nearly perfect honeycomb lattice and develop a zigzag-type 
antiferromagnetic order at low temperatures, analogous to that observed in d5

pseudospin-1/2 materials RuCl3 and Na2IrO3. This similarity may not be accidental, 
and the results presented in this work suggest that d7 cobalt compounds may indeed harbor 
pseudospin-1/2 Kitaev-Heisenberg model and related physics.



TN = 122 K



ArXiv: 1903.03615

In conclusion, we propose YbCl3 as a 2D Kitaev material candidate with 
Jeff = 1/2 local moments and strong bond-dependent in-plane anisotropy. 
This compound exhibits SRO at 1.20 K and LRO at 0.60 K with spins likely 
in the ab plane. The application of external magnetic fields can suppress 
these orders at around 6 T (in plane field) and 10 T (out-of-plane field), resulting 
in a QCP. Further investigation in the quantum critical region where quantum 
fluctuation dominates may lead to the discovery of a Kitaev QSL state.



arXiv:1907.10627v1 



Some recent developments on RuCl3



• Exfoliated α-RuCl3 flakes stacked on monolayer graphene

• Devices exhibit an anomalously large conductivity along with signatures of multi-band transport

strongly implying the α-RuCl3 has become charge-doped

• Temperature derivative of the resistivity contains clear signatures of magnetic phase transitions.

arXiv:1811.04838v1

Erik Henriksen
Washington University, St. Louis

Metallizing RuCl3 by charge transfer from graphene
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Failure to metallize a QSL--Ionic Liquid gating of RuCl3

We made it
more insulating!

In collaboration with
Philip Rack and Zac Ward



1) Gating experiments on atomically thin magnets have mostly failed

2) Gating a VdW heterostructure of graphene/vdW magnet should work 
much better 

3) Graphite-Intercalated magnets are interesting again!



Chiral edge currents of 
neutral Majorana fermions

Half integer thermal quantum Hall conductance

Y. Kasahara et al, Nature (2018).



Ong’s group has not yet been able to reproduce the Kasahara result on our samples



Christian Balz --INS

Paige Kelley
Zz2 -- arXiv:1807.06192

Yasu Takano--MCE



Jason Alicea and Dave Aasen 

Electrical probes of non-Abelian spin liquids



Due to their nontrivial spin and statistics, condensing fermions is not a straightforward business. 
From a mathematical perspective, in order to perform the condensation it is necessary to equip the 
configuration space of Ψ worldline endpoints with a certain complex line bundle. Physically, the 
construction of this bundle amounts to attaching a phase of physical (not emergent) fermions f to 
the parent bosonic theory. Fermion condensation then heuristically proceeds by coupling the 
Ψ fermions to the f fermions, and condensing Ψ f bound states. 

arXiv:1709.01941





Recent thermal-transport experiments indicate that the Kitaev material α-RuCl3 realizes a 
non-Abelian spin liquid with Ising topological order over a range of magnetic fields. We 
propose a series of measurements for electrically detecting the hallmark chiral Majorana
edge states and bulk anyons in the spin-liquid phase -- despite the fact that α-RuCl3 is a 
good Mott insulator. In particular, we introduce circuits that exploit interfaces between electronic 
systems and α-RuCl3 to convert physical fermions into emergent fermions, thus enabling 
analogues of transport probes of non-Abelian-anyon physics in topological superconductors. 
We further propose detection of individual bulk neutral fermions via a spin counterpart of charge 
sensing. Our results illuminate a partial pathway towards using Kitaev materials for 
topological quantum computation.



Conclusions

1) Kitaev materials are a great story of how theory, synthesis, 
and characterization intertwine to advance science.

2) New Kitaev materials are urgently needed and can have a huge
scientific impact.

3) Soft chemistry approaches to new Kitaev materials are promising.

4) One needs to be careful when claiming a “Kitaev” QSL.  

5) Discovery of charge transfer at RuCl3/graphene interfaces will 
lead to major advances in spintronics.

6) Prospects for someday using Kitaev materials in quantum 
computing are looking considerably brighter.



Thank you!



Quantum spin liquids (QSLs)
Topological

Gapped QSL KagomeSpinon, Anyon

U(1) QSL
E-monopole
M-monopole
Photon

Kitaev QSL Majorana
Z2-flux (Vison)

Honeycomb

Pyrochlore

Non-topological

Gapless QSL Spinon
(Fermi surface)

Triangular

Herbertsmithite���

Yb2Ti2O7
Pr2Zr2O7���

a-RuCl3

TaS2
EtMe3Sb[Pd(dmit)2]2

�
�

Na2IrO3, a-Li2IrO3
A3LiIr2O6 ( A = H, Cu, Ag)



Why study Quantum Spin Liquids?

“Theoretically richer than the FQHE.”  -- Leon Balents

Doping QSL’s may be a path to new superconductors

Possibly a path to topologically protected quantum computing

Triangular Kagome PyrochloreHoneycomb 



Quantum Liquids
No freezing by quantum 
fluctuations

Zero point oscillation  
>  Interaction

Quantum Spin Liquids
A state of matter where strong quantum 
fluctuations melt the long-range magnetic 
order even at absolute zero temperature.

Superfluid 3He, 4He

QSLs are states which do not break any simple symmetry.
P.W. Anderson,  Mater. Res. Bull (73), Science (87)

Quasiparticle fractionalization and topological order
X.G. Wen, Phys. Rev. B 65, 165443 (2002).
S. Sachdev, Nat. Phys. 4, 173 (2008).

Why are QSLs interesting? 

L. Savary and L. Balents, Rep. Prog. Phys. 80, 016502 (2017).
Y. Zhou, K. Kanoda, and T-. K. Ng, Rev. Mod. Phys. 80, 025003 (2017).

Recent review



In particular, we propose that (electron-)doping Sr2IrO4 can 
potentially realize high-temperature superconductivity.



Take away message for those who have to leave:

1) There are reasons to be optimistic that Kitaev materials will work for 
quantum computation

1) New Kitaev materials are urgently needed!




