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Classical vs quantum criticality
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DeconÞned quantum criticality
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Spin-liquid transitions
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Classical: Exponentially large ground-state manifold 

Quantum: New phases of matter?

Frustrated magnets
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Antiferromagnetic coupling of 3 Ising spins

Frustration:

Not all local constraints can be simultaneously satisÞed

Consequences:



Sz
i Sz

j

Sy
i Sy

j

Sx
i Sx

j

� 

x

y

z

Kitaev honeycomb model

8

Spin-1/2 on honeycomb lattice:
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Hamiltonian:
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Parton construction

Majorana representation:

<latexit sha1_base64="fL3P7DnfQDbDMgaQ5hyuYB7Jd5I="></latexit>

! öui j = öu 
i j

<latexit sha1_base64="jdTPFmYHZKvpTn4kQNYYwrp2QIc="></latexit> n
static!

Fractionalization:

M
at

er
ia

ls

K
z

K
y

K
x

m
od

el

bz
by

bx

u

uu c

Review: [Trebst, arXiv:1701.07056]

<latexit sha1_base64="BbE3rJiGcD3z6jlTlMP5GjD1hQA="></latexit>

! x !" ÷! x = ibx c

! y !" ÷! y = iby c

! z !" ÷! z = ibzc

<latexit sha1_base64="CSVv3Ddp/mNP8JhQUPdhyMD72uY=">AAACNXicbVDLSuxAFOz4uGrU62sjuAkOF+5qSETRpejGpYLjCJNBTjon2kw/QveJMoT5CLf6IX6LC3fi1l+wZxzBV0FDUXUOXaeyUgpHcfwYTExOTf+ZmZ0L5xcW/y4tr6yeOVNZji1upLHnGTiUQmOLBEk8Ly2CyiS2s97h0G9fo3XC6FPql9hVcKlFITiQl9qpgtKRuVhuxM14hOgnScakwcY4vlgJ1tPc8EqhJi7BuU4Sl9StwZLgEgdhWjksgffgEjuealDouvUo7yD655U8Koz1T1M0Uj9v1KCc66vMTyqgK/fdG4q/eZ2Kir1uLXRZEWr+/lFRyYhMNDw+yoVFTrLvCXArfNaIX4EFTr6iMEwtarzhRinQeZ0WoITs51hAJWlQp6744F8COdCjRMNb3CD0XSbfm/tJzraayU4zPtlu7B+MW51lG2yT/WcJ22X77IgdsxbjrMdu2R27Dx6Cp+A5eHkfnQjGO2vsC4LXNyQcrJw=</latexit>!" bz
bx

by

c

1 spin 4 Majoranas  
with gauge constraint

Fermion spectrum:

Ground-state ßux pattern: u !  1 
[Lieb, PRL Õ94]

<latexit sha1_base64="h7PypXJSM3a8ZgbFgXaOfd9K7Vc="></latexit>

H !" ÷H = # i
X

! i j "â

Kâ(ibâ
i bâ

j )ci cj



�P

�P

b Majorana 
fermion

Z2 " ux

B
Cold

Hot

Experimental search: ! -RuCl3 in Þeld

10

Half-integer thermal Quantum Hall e" ect: 

T
he

rm
al

 H
al

l c
on

du
ct

iv
ity

Magnetic Þeld

Quantization plateau 

at half-integer value!

Smoking-gun signature of Majorana edge states?

[Kasahara et al., Nature Õ18] 
Topical Review: [LJ & Vojta, JPCM Õ19]



! -RuCl3 in zero Þeld: Zigzag antiferromagnet
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! -RuCl3: Field-induced quantum criticality 
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Fractionalized quantum criticality: XY*
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Heisenberg-Kitaev models in Þeld
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É nonlinear spin-wave theory
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& classical Monte Carlo

Technical challenge: Dynamical ! 2 gauge Þeld!
É no sign-problem-free QMC available
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Generalizations of Kitaev model: Spin-orbital liquids
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Spin + orbital + É degrees of freedom:
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Static perturbations
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Spinless fermions on #-ßux lattice: QMC
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Dirac semimetal Charge density wave

V/ t

(V/ t)c = 1.281(2)

Gross-Neveu-! 2 universality:

[Wang, Corboz, Troyer, NJP Õ14] 
[Li, Jiang, Yao, NJP Õ15] 
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Fractionalized fermionic universality classes
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E" ective Þeld theory: Gross-Neveu-SO(3)
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Gross-Neveu-! 2 Gross-Neveu-! 2* (schematic)

É testable in future simulations



(1) Introduction: ÒBeyond-LandauÓ quantum criticality 

(2) Spin-1/2: Field-induced criticality in Kitaev materials 

(3) Spin-3/2: Fractionalized fermionic criticality in spin-orbital models 

(4) Conclusions

23

Outline



Conclusions

24

! -RuCl3 in Þeld

Te
m

p
er

at
ur

e

Tuning parameter

bz
bx

by

c

Exotic  

criticality
Square-lattice spin-orbital model

Honeycomb-lattice spin-orbital model


