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Kitaev's honeycomb model

« Spin-%2 model

« Highly anisotropic
In spin and space

+ Frustrated by
anisotropy, not
geometry
Kitaev Exchange Z

YoV
K » S!S
(ijyey
Exactly solvable with spin liquid ground state



Atomic Physics
+ Crystal field and

spin-orbit give
|=12 states
« Interactions:

Hubbard U,
Hund's Jy

= o= S

4d or 5d




Spin-orbit Mott insulators
Pz

+ Edge-shared
OoXygen
octahedra

- Effective j=12
\ spin model

\

Ay d,, -+ Considers only
Ferromagnetic oxygen mediated

o) 2
875 (Lo exchange

K ~ —

3U%\Apa) Candidate materials?

Hund's coupling
G. Jackeli & G. Khalliliuin, Phys. Rev. Lett. (2009)



Na»lrO3 & a-LislrO3
| oz * Strong Mott insulators
+ Layered - Quasi-2D

~ + Edge-shared O
J octahedra about Ir*

¢ : 5
> Honeycomb o —

layers

I r4+

Y. Singh & P. Gegenwart,
Phys. Rev. B (2010)



Magnetic Ordering

« Both materials anti-
ferromagnetically
order near ~15K

« Na,IrO;— Zigzag
ordering pattern

+ Li,IrO; — Spiral
order? | '
What else do we know |
about the zigzag Zigzag\ .
order?

a

)

order

Y. Singh et al, Phys. Rev. Lett. (2011); X. Liu et al, Phys.
Rev. B (2011); F. Ye et al, Phys. Rev. B (2012)



Diffuse scattering - NaslrO3

S S S,

XX Yy

S.H. Chun, Nature Physics (2015)

« Above ordering transition - short range
correlations

+ Strong correlation between wave-vector and
spin component

« Strong anisotropic interactions



Neutron scattering - NasIrOj

« Absence of
scattering at
low-Q

+ Scattering
down to at
least 1 meV -
small gap

+ Concave
boundary

6 |

2

" No scattering \ Magnitude of Zigzag

ordering wave-vector

Q] >

Some of the only information on the
low-energy structure of the zigzag state



Heisenberg-Kitaev Model

« Heisenberg interaction in addition to Kitaev
> (48 S;+KS?S7)

J from direct d-d K oxygen-mediated
« Phase diagram of this model well-established;

classically, exact diagonalization, DMRG, ...

J. Chaloupka, G. Jackeli & G. Khalliliuin, Phys. Rev. Lett. (2010), ibid
(2013);0kamoto, Phys. Rev. Lett. (2013); H.C.Jiang et al Phys. Rev. B (2011)



Spin liquid
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HK-Model: Properties

« Roughly in
agreement with |
INS and RIXS 3

data; nearly B

20 F

gapless with |

large energy :

sc?ale - Accidental
+ Kitaev classical

coupling must degeneracy -
be near AFK gapless spin-

limit waves



HK Model: Problems

Problem: Oxygen mediated hopping
dominates so K has wrong sign - Zigzag
hard to get in HK model

Some proposed solutions:

Strong e, -to, contribution to K to change sign
Large further neighbour J, and Js,
Monoclinic distortions

Second neighbour Kitaev, ...



Generalities Structure has

> 4 Exchanges monoclinic,
vy trigonal distortion,
6 Exchanges ond 9nd 3
\ .| _  neighbour

exchange

| Many symmetry
/\ ™ allowed channels
" ~ © 10 at nearest

, "~ neighbour level
alone

4 Exchanges

VA
A

> 4 Exchanges &




Plan of attack

Won't attempt full microscopic treatment

Let's try the simplest possible consistent
model and see how far it can take us

Questions:
Can one find a zigzag phase?

Can one explain the small excitation gap
given strong anisotropy?

We'll start with no monoclinic distortion, no
trigonal distortion; nearest neighbour
exchanges only — what's the model?



Heisenberg-Kitaev-I' Model

H = Z [J§l§J+KS;YS’;+F(S?S€+S}?S?)]
(ij)€ap(y)

Heisenberg exchange

Xy(z) [" is cross-term

Symmetric off-
diagonal exchange

Kitaev exchanage

Not Heisenberg-Kitaev model
J.G. Rau, E. K. H. Lee & H. Y. Kee Phys. Rev. Lett. 112, 077204 (2014)



Classical Phase Diagram >0
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Anti-ferromagnet
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J=sinfcos¢p, K =smnbsin¢g, I =cosb



New Phases Tnree

sublattice, 120°
* TWO new Order

phases

beyond HK
model

+ New Zigzag
away from
FK limit

Incommensurate
spiral orders

Phase | & II?

New

region

FK limit



Spiral phases: | and II

« Track largest Fourier
component

« Dominant wave-
vector changes ~
smoothly

* Not single-Q
+ Phase I: in 1°' BZ

- Phase II: notin 1%

BZ Location of
dominant Q

« Phase | energy very vector
close to zigzag

Extended
Brillouin
zone




Exact Diagonalization: I'>0

Kitaev region |
j « |dentify phases

using static
AFM  structure factor

- Sp phase? Sp

Zigzag

,_, maximum at
K/2
FM Weak spin-spin correlations

24 site
cluster

4
/
4
4

Tr /4

“ Stripy

Kitaev region / Finite size effects?



Trigonal Distortion?

« NaxlrO3 has trigonal compression along
[111], out of plane

+ Introduces another off-diagonal exchange
’ ag? Yo« Bgy Y ob
I ) [SeSY+8789 + 5087+ 878"
(ijyeap(y)

Positive for trigonal compression

: 8Jy \59((1‘2 + 13)7 + 4%) Leading term
[" = — for small
O | 2(U -3Jyg)(U —Jg) | trigonal
- - distortion

Negative for trigonal

compression W||| take r' < O for Na2|r03



Effects of ''<0 (classical)

Zigzag ~ ™?

+ Phase |
sensitive to
trigonal L
distortion

+ Large zigzag
phase for even
small values

-+ Zigzag close
to FK limit

FM

=-0.05 il w4



Effects of F'<O (quantum)

A=y IEE= s[> == RS )

Fixed
scale so
K|=1

+ Focus on FK limit

« Zlgzag correlations
Increasing

Beyond ordering?

—03-02-01 00 0.1 02 03



Spin waves with I and I'’

+ Accidental classical  * Experimental

degeneracy of HK Input: excitation
model spoiled spectrum has low

. N . energy excitations
cap ~ |1 <1-2 meV

+ Microscopics: no

reason for I to be that * OVerall scale
large; RIXS
small = T
. excitations at ~30
« Spin waves meV

nericall
generically gapped How to reconcile?



Spin wave gap in zigzag phase
. Gapless o
« Consider ['=0 and
look at spin-wave gap
In zigzag state

- Zlgzag phase
metastable for mosf
of phase | region

« Two gapless
regimes: the HK-limit
& alarge [ region
near FK limit

Sm/4

Gapless ™ |KI~ol'/4



What's going on?

+ Highly anisotropic, shouldn't have gap
« Duality in J-K-I'-I"" model - C2 spin rotation

about [111]
e 5\ /g
— K
#3)

J
i)l

I 0

I \0

« Gapless regime dual to HK model with
accidental degeneracy

+ 'Solvable' dual point with zigzag order
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Effects of ''>0 (classical)

Zigrag g ['=40.05

+ Phase |l Is
stable

« Incommensur
ate spirals
persist

« Trigonal
distortion Is pMm
smaller in
Li2lrO3

AFM

Stripy

3n/2



From Phase I: 2M/3 Phase

- Look at phase | Fourier
near r- O components Y, "
. Dominant wave- gl\)/lrr/%onent ‘. | "
vector ~2M/3, X
Spi it
commensurate R A YT
. T_hree—fold, not  projection WYY Y.
single-Q state NI VLVLYL
. Ferrimggnetic A
(~0.2/site) WYYV
IS ~ A ?
Qexp 041 A Y g
2M/3~0.4A

S.K. Choi, APS March Meeting Talk (2014)



Summary

« Trigonal compression can stabilize a
zigzag phase near the FK-limit within a
nearest neighbour model

- Parameter regime with small spin-wave
gap at large anisotropy

« Zigzag phase near FK limit competes with

iIncommensurate spiral phase - related to
LiolrO;?

For details see: J. G.Rau & H. Y. Kee, arxiv:1408.4811 (2014)

J.G. Rau, E. K. H. Lee & H. Y. Kee, Phys. Rev. Lett. 112, 077204 (2014)
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