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o Motivation: Kitaev spin liquid in real materials

~ NazlrOs: importance of second-neighbor interaction Ko

- Quantum Ki-Ko model: hidden, gauge-like dualities & symmetries

o Phase diagram from Exact Diagonalizations

- Physical mechanism of instability: Classical vs Quantum spins

- Outlook: back to materials
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o what's special about honeycomb?

—Extensive number of conserved fluxes: Wj = 2° SY S5 S Sy SZ S%

—Exact solvability: free Majorana fermions in the background of static fluxes

Ground state sector: Wh=+1, for all h

o excitations: gapless Majorana fermions and gapped Wh=-1 vortices
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Material realizations: strong SOC with 90" oxygen bonding
Jackeli & Khaliullin (2009)

o the honeycomb Iridates A2lrOs (A=Li, Na):

Sy |
Kim et al (’08)
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] o J=1/2
“ .... > N)\so~0.5 e\/
}\SO
tog —e—o—0—o— J=3/2
Lett=1, S=1/2 Kramer’s doublet D,
Jeii=1/2
yz XZ
290" oxygen bonding: destructive interference
— J1=0; but K1 is finite
XZ Z
> Quantum chemistry data for Na20Olrz: Ki=-17 meV, J1=3 meV, .... .

Katukuri et al (2014)
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Kitaev spin liquid is robust against Heisenberg exchange

Chaloupka, Jackeli & Khaliullin (2013)

M=K Y S{S§+J1) 8;-8; Ji=cos9
(ij)€Ear (i) Ki{=2sin¢

*lines represent a hidden duality



However: Kitaev spin liquid has not been observed so far

- Na213, Li213 & a-RuCls: all show magnetic LRO at low T
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— how close are we to the Kitaev spin liquid?
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Current status on Na2IrOs

Chaloupka, Jackeli & Khaliullin (2013)

> Na213 orders in the zigzag phase (Tn~15 K)

X. Liuetal ("11), Feng Ye et al ('12), S. K. Choi et al ('12)

— J1Is not the relevant perturbation !

©BOcw=-125 K
(whereas dominant Ky coupling is large and FM)

— further-neighbor exchange (Jz, Js) ?

Kimchi & You (2011), ... Neel %

zigzag %

liquid

— other anisotropic interactions? [

J; (meV)

S. H. Chun et al, Nature Physics 2015

o superexchange expansion: Sizyuk, Perkins, et al (2014) %

* NN [ is very small in Na213 (consistent with Q. Chem.) Lo _

» Ko is the largest coupling after K Katukuri et al (2014)
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o Interpolates between honeycomb Kitaev & triangular Kitaev



The quantum Ki-K2 model: general
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|.R. et al (2012), Becker et al (2015)

cInterpolates between honeycomb Kitaev & triangular Kitaev | o Avella(2015)

- Ko Kills the exact solvability: Wn are no longer conserved
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The quantum Ki-Ko model: hidden duality & symmetries

o global symmetry in real+spin space: double cover of Cay
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Exact diagonalizations: finite-size clusters

24-sites

32-sites




The quantum K4-K2 model: phase diagram obtained from ED

1.0257

yz-zigzag

z-stripy
Iz

TK o=sIn

y-stripy
/l 2

x-stripy
/lz

AY

Xy-zigzag

- QSL is very fragile !

>4 magnetic LRO regions;
related by duality

C@

quantum SL

0.025m

K1=cos
—> : :

»zigzag in Na213
-0.0257

212 GS's in each region;
some are very different !



The quantum K1-K2 model: “low-energy spectroscopy”
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o low-energy spectroscopy: multiplicity & symmetry quantum numbers; large spin gap
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o transitions out of the Kitaev spin liquid are 1st-order
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The quantum K1-K2 model: fluxes and spin structure factors

o transitions out of the Kitaev spin liquid are 1st-order
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o short vs. long-range ordering

o local spin length is very close to 1/2; states seem very classical !



What is the physical mechanism of instability?

Striking aspect:
States seem very classical (local spin length almost 1/2, large spin gap, etc).

Yet, classical limit hosts qualitatively different physics !
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— sub-extensive number of classical GS’s
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Origin of sub-extensive degeneracy: sliding symmetries

o Say K1>0, Ko>0:

o sub-extensive number of sliding symmetries = 3x2- classical minima



Origin of sub-extensive degeneracy: sliding symmetries

Batista & Nussinov (2005)

o Say K1>0, Ko>0:

‘--

4
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)}

(Sx,9y,92) = (Sx,9y,-Sz)
along the ladder

o sub-extensive number of sliding symmetries = 3x2L classical minima

o Actually, there many more ground states: accidental continuous degeneracy
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o accidental degeneracy: lifted by thermal fluctuations, as usual
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o sliding symmetries: cannot break spontaneously at any finite T !
Generalized Elitzur’s theorem, Batista & Nussinov (2005)

— this leaves one possibility (finite T): nematic ordering
Cs symmetry breaks, system samples all 2- states of one of the three types of bonds.
But no magnetic LRO.

- T=0: sliding symmetries can break, but in all possible ways!

— no isolated Bragg peaks as we found with ED
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what’s happening?

o sliding symmetries: not present for guantum spins !

because local time-reversal not possible in quantum mechanics !

N\ (S65y,S7) = (Sx.Sy,-S)
along the ladder

—different ladders must talk to each other via quantum fluctuations !
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o Strong coupling limit: Kf,Q > K

o first type of effective term: driven by K1 perturbations only

- effective term is a flux operator: Jy Wy, = 2°Jy, 87 S% SY SZ S% SY

(KT KY)? KT

JW — z z z z
64(| KT| 4 2| K5])? (TRTT 3| K3 [) (|KF | + 4[K3])

o this term maps to the so-called Toric code model in the square lattice
A. Kitaev (03, '06)
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~second type: driven by Ko perturbations only

o effective Ising coupling J1 between NNN |ladders: Jl Sf S?

7 (K3 K3) (KZ))  large for hesmi/2
1= . > A sgn arge for P==m
S(K7| + 2| KZTP(2[K7| + 3| K3 2 J

o same process In the triangular Kitaev model  Jackeli & Avella(2015)
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~third type: driven by K1 & Ko perturbations

o effective Ising coupling J2 between NNN ladders: JQ Sf SZ

KYKYK5Ky ) | IK7| + |K5] 2| K5

Jo = = [ - i . always AFM
W RKFT=2EZ))® |2K7| + 3IK3| | |K7| + 4]K3) Y

large for Q=m/4, 31n/4, 5n/4, 71/4
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- NN ladders do not talk to each other: true to all orders in pert. theory
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© gauge-like symmetry:  Szy=={y @ @,
T Yy <

(Ax,Ay,Az) = (Ax,Ay,Az) (Bx,By,Bz)—(Bx,-By,-B>)
(DX’ Dy, DZ)_'(_DX’_DY’ DZ) (CX’CY’CZ)_'(_CX’CY’_CZ)

Jnn AzBz — -Jnn AzBz, SO Jnn must vanish identically !
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Thank you very much for your attention !



