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Two Routes to Quantum Spin Liquid

1. Geometric Frustration (spin-rotation invariant)
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2. Frustrated Interactions (spin-orbit)
Spin interactions depend on spatial directions



Kitaev Model on Honeycomb Lattice: Exact Solution

£ Hg=— » SIS A Kitaev (2006)
a—Ilinks
S¢ = ibSc {b7,b,b7,c} Four Majorana Fermions
)
Hi = 5 Z Ug; CiC;j (where ug; = 105'05),
o—links

Wp = [ [ ug; commute with the Hamiltonian — Wp = £1

loop
Ground state is in the zero-flux sector ug; = +1(V(ij))
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Kitaev Spin Liquid as a Zz Spin Liquid

Making connection to Slave-fermion appr'oach (more conventional)
1

fiT - ﬁ(cz T be) — fza oz[i’fzﬁ
fiy = %(bf + ibY) with ;fjafm =1

exactly one particle
per site (insulator)

H = Z{ T, fi5 + Fial A5 fi5)

If A% = 0 fia — fiaewi [Ta] — ‘[Ta]z]‘em 7
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Ingeneral f,n, — fiaSi s; = +1
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a-A>IrOs Kitaev Interaction ?

H= Y -KS/S)+1JS;-S,
(1)€Y v =T,Y,%

G. Jackeli and 6. Khaliullin,
PRL 102, 256403 (2009)

J. Chaloupka, G. Jackeli
and G. Khaliullin,
PRL 105, 027204 (2010)

Jefle/z
Strong Spin-Orbit Coupling
leads to Spin-Orbit
entangled pseudo-spin basis
(Kramers Doublet)




Realization of Kitaev Quantum Spin Liquid ?
Honeycomb Iridates Family

2D Honeycomb  a- NazIrOsz a- Li2IrOs(2D)

3D Hyper-Honeycomb b- Li2IrOs (3D)

3D Harmonic-Honeycomb Y- LizIrOs (3D)




J. Chaloupka, 6. Jackeli and 6. Khaliullin,
PRL 105, 027204 (2010) Radu Coldea
(Neutron Scattering)

HHK = (1 — O()Z(?Z y 5:]' — 200 Z O'ZO']7
(i.d) y—links a-Naz2IrOs

Zig-Zag Order
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Quantum Spin Liquid robust
to small Heisenberg interaction

Monoclinic Distortions
Strong Trigonal Distortions



Discovery of Three dimensional "Honeycomb” lattice

ﬁ- Li2IrOs
Dresden, July 2013
arXiv:1403.3296

. Takagi
Hyper-Honeycomb

Y- Li2IrOs
arXiv:1402.3254

James Analytis
Radu Coldea

Stripy-Honeycomb




Hyper-Honeycomb

arXiv:1403.3296
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p- Liz2IrOs  Hide Takagi

Close to ideal structure

AF ordering

But with positive (ferro-like)
Curie-Weiss temperature
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Stripy-Honeycomb  y- LizIrO3s  arxiv:1402.3254

Radu Coldea
James G. Analytis
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Energy (eV)
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Is Jerf=1/2 picture valid ?
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Ab Initio
(OpenMx, PBE-GGA)

PDOS
(arbitrary unit)

E. K.-H. Lee,
S. Bhattacharjee,
K. Hwang, H.-S. Kim,
H. Jin, Y. B. Kim,
arXiv:1402.2654 (2014)

H.-S.Kim, E. K.-H. Lee,
Y. B. Kim,
arXiv:1502.00006 (2015)



Localized Pseudo-Spin Model
in the Strong Coupling Limit

Jefle/z



Edge-sharing Oxygen Octahedra Structure
15- Li2IrO3
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Strong Coupling Limit: Localized Pseudo-Spin Model

(¢) Ir-Ir overlap for 1, (d) Ir-Ir overlap for #3
2
taan + tdds pdr gan — tads 3taas + taas
1 = , Ip = —+ , I3 = ,
2 Apd 2 4



Strong Coupling Limit: Localized Pseudo-Spin Model

e )
H= Y [JSi§;+ KIS+ (505" + 5557))
(ijreaB(y) \ g

e.g. In the limit of U,Jg > A >t

J = 4 16t (1 + 2t3) N 2(t) — Zg)z N (2t + f3)2
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J.6.Rau, E. K-H. Lee, H. Y. Kee, PRL 2014



Kitaev Model: Exact Solution

Hig=— » 5S¢
a—links
S¢ =ibdc {b7,b7,07,c} Four Majorana Fermions
0 .
Hk = 5 Z Ug:CiC;j (where ug; = 1b5'05),
a—links

Wp = H u commute with the Hamiltoniah —> Wp = =1

loop

Hyper—Honeycomb S. Mandal and N. Surendran (2009)
Ground state is in the zero-flux sector uf; = +1(V(ij))

Stripy-Honeycomb R. Schaffer, E. Lee, Y.-M. Lu, Y. B. Kim, PRL 2015
Ground state is in a m-flux sector some W, = —1



Hyper-Honeycomb Stripy-Honeycomb

Gapless Modes
determined by
two equations

Hy \ = ; (Dq) )T | m—pp  Re [det(Dg)]=0
LTk . Im [det(Dy)]= 0

BDI Class Nodal Ring in 3D




0-FLUX SECTOR rt-FLUX SECTOR
HYPERHONEYCOMB STRIPYHONEYCOMB

k1 —Tr

Topological
Spinon "Semi-metal”

1

V= dkTr[D ' 0x Dy — (DY) 10 DY) Topological Invariant

R. Schaffer, E. Lee, Y.-M. Lu, Y. B. Kim, PRL 2015



