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e Kitaev Honeycomb model

* A,IrO; : old Kitaev materials

* HslLilr,Og

* K,IrO5 and Cu,lrO;: new Kitaev materials

* Conclusions



* Bond frustration

* Exact solution by mapping to
Majorana fermions

— quantum spin liquid with spin
fractionalization,

itinerant Majoranas: Dirac cones,
localized ones: “flux order” W =+1

Ann. Phys. 321, 2-111 (2006).

Exactly Solvable
GS =72 Spin Liquid @

Gapped or Gapless o
Majorana Excitations Qo@ QO@ e i
In H, gapped phase, @ @ ® v

o

i itati @) O
anyonic excitations @ QO@ @ 00 ¢

®

Pictures: S. Trebst, M. Vojta
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PRL 102, 017205 (2009) PHYSICAL REVIEW LETTERS 9 JANUARY 2009

Mott Insulators in the Strong Spin-Orbit Coupling Limit:
From Heisenberg to a Quantum Compass and Kitaev Models

G. Jackeli"* and G. Khaliullin'

M 'Max-Planck-Institut fiir Festkorperforschung, Heisenbergstrasse 1, D-70569 Stuttgart, Germany
(Received 21 August 2008; published 6 January 2009)

We study the magnetic interactions in Mott-Hubbard systems with partially filled 7,, levels and with
strong spin-orbit coupling. The latter entangles the spin and orbital spaces, and leads to a rich variety of
the low energy Hamiltonians that extrapolate from the Heisenberg to a quantum compass model
depending on the lattice geometry. This gives way to “engineer” in such Mott insulators an exactly
solvable spin model by Kitaev relevant for quantum computation. We, finally, explain “‘weak™ ferro-
magnetism, with an anomalously large ferromagnetic moment, in Sr,1rOy,.

ldea: engineer Kitaev exchange by the help
of strong spin-orbit interaction



3d vs 5d transition metal oxides

large U
(2-10 eV)
21 el 122
3d Sc T
TR I
4d Y iZr
-1,
54 57-71 H':{L
small U
~0.5eV

e

24 1,:, 25
Cr " Mn
Chromium Manganese
51.9961 54.928045
42 i 43
Mo % Tc
Molybdenum Technetium
95.96 (97.9072)
74 é 75
W £ Re
Tungsten 2 Rhenium
183.84 188.207

13
3 Os

: 26
Fe

Iron
55.845

Ru

101.07

i 76

190.23

i
: Co :* Ni

Cobalt Nicks!

58.333195 58,8934 -
s 2
*Rh % Pd o

Rhodium Paliadium !

10290550  108.42 c
HE N )
= Ix = Bl
2 Iridium 2 Platinum

192.217 195.084

Ao~ 0.5eV

5d: interplay of U and SO coupling



Designing Kitaev Interactions: Jackeli-Khaliullin Mechanism

Large spin-orbit coupling in 5d transition-metal oxides = novel electronic states,
e.g. spin-orbit Mott insulators, correlated topological insulators, ...

eg ________ |
=" J=172
Ird+ ————% =
= Ly=1
t\ SeN IESO |
2g —
T =312
Crystal Field Spin-Orbit
Coupling
.......... J=1/2 band = — or= V2 UHB
t,, band SO . =1/2 LHB
~ I so{ ey
J"]]= 3/2 band 'Il'}T= 3/2 band

wide 7,,~band Metal J s band split due to SO J = 1/2 Mott ground state

Spin-Orbit Mott Insulator
First observed for Sr,IrO,: B.J. Kim et al., PRL 2008, Science 2009



Topological quantum phases in correlated electron systems

i with large spin orbit coupling

Spin liquid Quadrupolar

Mott

e Spin-orbit coupled

Mott insulator

U/t

Axion
insulator

Weyl
semimetal

Topological
Mott

Simple insulator

metal or
band insulator

Topological insulator
or semimetal

Alt

W.Witczak-Krempa, G. Chen, Y.B. Kim, L. Balents, Annu. Rev. Condens. Matter Phys. 5, 57 (2014).



Designing Kitaev Interactions: Jackeli-Khaliullin Mechanism

1

7 (]xy;(ﬂ F ‘ yz,ia> + i‘ Zx,iO'>)

— wave function of doublet = coherent superposition of different orbital and spin states
- bond geometry important for magnetic interaction:

Ty =1/2,m, =£1/2) =

(o] (o]

@ . R (b)

Ed ~ , Y G

. ~. 1800 h !

, \

QO
: ,

-

I \\
jeorner ~

(v) Y QY
KK AN o

—@E=elD | —e=TD—— XZ vz
Xz P, Xz
o o] pz
Perovskite: Pyrochlore, honeycomb, kagome:

> Heisenberg destructive interference of
Heisenberg interaction

G. Jackeli and G. Khaliullin PRL 2009



Deviations from Kitaev Model

* Local Distortions : lift t,, degeneracy, J character
changes

* More General Hopping (direct d-d): Heisenberg

* Longer range interactions: J,, J;, K,, DM

mixing):

* Higher Order Interactions (from t,.e,

modify J, K

Generalized Hamiltonian

Hij = Jij Si+S; + Ki; S7S] +Ty; (8287 + 5757)

S. M. Winter, A. A. Tsirlin, M. Daghofer, J. van den Brink, Y. Singh, P. Gegenwart, R. Valent;,
J. of Phys. Cond. Matt. (2017).



Candidate materials

(a) s l trigonal ,
; distortion

)

Li,IrO;
Hyper-Honeycomb  Stripy-Honeycomb

Yogesh Singh and PG, PRB 2010, Modic et al., Nat. Comm. 2014, Takayama et al., PRL 2015



Electronic Parameters

TABLE 1. Summary of electronic parameters for honeycomb materials NazIrOs, a-Li2IrOs, LizRhOa, and a-RuCls. The
latter material is discussed in section IIIB. The source(s) of each estimate is indicated; RIXS = “Resonant Inelastic X-ray
Scattering”, PE = “Photoemmission”, A, refers to the charge gap, while A refers to the trigonal crystal field splitting, as
defined in section I1C 1.

Propert‘y NHQITO;«; a-Li-_»IrO;; Ll.g RhO;; Q-RUCI;;
A ~ 0.35eV ~015eV |  ~0.08eV 1.1—1.9eV®
(PEBJ’ o,(w)h':‘l.ﬁ-‘l’ p(T)T‘A) (p(T)‘)Q) (p(T)b'.’) (PE"‘:" HT’ o,(w)bﬁ.ﬁ';.‘)
A 0.4—-0.5eV 0.1 -0.15eV 0.1 —0.15eV
(RIXS991 g{w)®) {(ab-initio®") (o(w)®)
A 20 — 50 meV ~ 60 meV ~ 20 meV
(RIXS™', ab-initio""*") (ab-initio™) (ab-initio®*%)
10Dg ~ 3.3eV — ~ 2.0 —-2.2eV
(RIXS'-JIQ.!) | (PE'KT, X.ASQS, a(w)éﬁ.!-)li’ ab_initioéil.gii)
Ju 0.25 - 0.30eV - ~ (0.4eV
(o(w)?, ab-initio™") (o(w)*)
U 1.3 —-1.7eV — ~ 2.4eV
(o(w)?, ab-initio™") (o(w)™)

“ Estimates of A, based only on p(7T") may be unreliable.
b Analysis of p(T') for a-RuCly yields A, ~ 0.15eV, which is likely far underestimated; see discussion in the text.

S. M. Winter, A. A. Tsirlin, M. Daghofer, J. van den Brink, Y. Singh, P. Gegenwart, R. Valent;,
J. of Phys. Cond. Matt. (2017).

A,IrO; are J 4 = %2 SO Mott Insulators



Magnetic Parameters for Kitaev Materials

TABLE II. Summary of magnetic parameters for honeycomb
.\ZazIrO.—;, a-Li-.»IrO_-;, LithO;i, and a-RuCl;;. The latter ma-
terial is discussed in section III B. See text for relevant refer-

ences.
Property Naz II'O;; a-Li-_»IrO;; LithO;g Q-RUCI;;
pesr (us)|  1.79 1.83 203 | 2.0to27
B0 (K)| ~ =120 -33to —100| ~ —50 ~ +40
. (K) -176 O, > 6. _— +38 to +68
©. (K) | —40 - - —100 to —150
Ty (K) | 13—18 ~ 15 (6) 7 to 14
Order Zigzag Spiral Glassy Zigzag
k-vector | (0,1,3) (0.32,0,0) - (0,1, 3)

S. M. Winter, A. A. Tsirlin, M. Daghofer, J. van den Brink, Y. Singh, P. Gegenwart, R.

Valenti, J. of Phys. Cond. Matt. (2017).

A,IrO; are J 4 = 2 SO Mott Insulators but not Kitaev QSL’s



Exchange Interactions in A,IrO,

TABLE III. Bond-averaged values of the largest magnetic
interactions (in units of meV) within the plane for Na2IrOs
computed using various methods. “Pert. Theo.” refers to sec-
ond order perturbation theory, “QC” = quantum chemistry
methods, “ED" = exact diagonalization.

Method J1 K; I's I K> J3
Pert. Theo.** +32 -204 +1.1 -35 —-04 <+1.7

QC (2-site)*® 427 -169 +1.0 - — _
ED (6-site)”” +0.5 —-16.8 +14 —-21 -14 +6.7

TABLE IV. Values of the largest magnetic interactions (in units of meV) within the plane for a-Li2IrO3 obtained from various
methods. “QC” = quantum chemistry methods, “ED” = exact diagonalization.

Method J{ Ji K{ K:* r? Iy K I, D Js
QC (2-site)™ —-19.2 +0.8 —6.0 —-11.6 +1.1 —4.2 - - - -
ED (6-site)* -3.1 —2.5 —6.3 -9.8 +9.4 +8.7 3.7 +3.4 +2.7 +6.0

S. M. Winter, A. A. Tsirlin, M. Daghofer, J. van den Brink, Y. Singh, P. Gegenwart, R. Valentj, J.
of Phys. Cond. Matt. (2017).

A,IrO; are J 4 = 72 SO Mott Insulators proximate to Kitaev’s QSL



How can A,IrO; be tuned towards Kitaev limit ?

* Chemical substitutions/doping

* Pressure

Magnetic field



Chemical substitution and Pressure Effects

Mehlawat, Singh, PRB (2015)
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Disorder on Ir sub-lattice
leads to Glassy state
Disorder at Na sub-lattice
leads to inhomogeneous
magnetic order
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a.-Li,IrO; + H,S0,

New Kitaev QSL candidate H,Lilr,O

180 °C

4 days

>

H,Lilr,O¢ + NaCl

K. Kitagawa,...Takagi, et al. Nature 554, 341 (2018)
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New Kitaev material Cu,IrO,

M. Abramchuk, J. Am. Chem. Soc. 139, 15371 (2017).
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Synthesis and Structure

375 °C
Na,IrO, + 2CuCl > Cu,lrO; + NaCl

inert

Cu'/Ir** site disorder Cu'*/Cu?" mixed valence

Quenched disorders due to Cu*/Ir** and/or Cu?*/Ir3* site mixing



Cu2Ir03

L

% AL H=TT

1, at v=100 Hz
10 Oe

Magnetic Properties

S
(.20 low/nwa _0L) X

Curie Weiss behavior at high T
C =0.386(5) cm? K/mol ~ S_, = %

0=-110K

No freezing in ac ¥ down to 1.8 K
Sub Curie law x ~ T“ with o =0.24

below 20 K

At low T, M(H) ~ H¥** with ax = 0.2

S.-k. Ma.. Phys. Rev. Lett. 43, 1434 (1979).
J. E. Hirsch.. Phys. Rev. B 22, 5339 (1990).
Bhatt and Lee, PRL 48, 344 (1982).
Paalanen, Graebner, Bhatt, Sachdev, PRL
61, 597 (1988)

l. Kimchi..Nat. Commun. 9, 4367 (2018).



MUuSR : absence of static magnetism +

persistent dynamics

 Down to 0.26 K, no oscillating
- component : dynamic fluctuations
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Competition between static and dynamic magnetism in
the Kitaev spin liquid material Cu,IrO;

Eric M. Kenney!, Carlo U. Segre?, William Lafargue-Dit-Hauret®, Oleg I. Lebedev*, Mykola Abramchuk®,
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Scaling and data collapse from local moments in
frustrated disordered quantum spin systems

Itamar Kimchi® !, John P. Sheckelton?, Tyrel M. McQueen?3 & Patrick A. Lee!

Recently measurements on various spin-1/2 quantum magnets such as Hslilr,Og, LiZn,-
Mo30g, ZnCu3(OH)¢Cl; and 1T-TaS,—all described by magnetic frustration and quenched
disorder but with no other common relation—nevertheless showed apparently universal
scaling features at low temperature. In particular the heat capacity C[H, T] in temperature T
and magnetic field H exhibits T/H data collapse reminiscent of scaling near a critical point.
Here we propose a theory for this scaling collapse based on an emergent random-singlet
regime extended to include spin-orbit coupling and antisymmetric Dzyaloshinskii-Moriya
(DM) interactions. We derive the scaling C[H, T1/T ~H™7F,[T/H] with F,[x] = x9 at small x,
with g€ {0, 1, 2} an integer exponent whose value depends on spatial symmetries. The
agreement with experiments indicates that a fraction of spins form random valence bonds
and that these are surrounded by a quantum paramagnetic phase. We also discuss distinct
scanng 10r mmagneuzatuorn witln a g-uepernauaent supaormmnant terrm entorcea oy wiaxwens

relations.



Scaling of .. and M but not C
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Cu,IrO; shows behaviour consistent with a QSL with quenched disorder



K,IrO5 : a new Kitaev Material
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K,1rO3, 2-layer Structure*®

 SpacegrpP 6,22 (182),a=b=5.282 A, c=13.544 A

*  Two KiIr,0O¢ layers per unit cell

Almost perfect honeycomb with Ir-Ir =3.047 A and 3.051 A
. Separation between Ir honeycomb layers = 6.6 A

*  Separation of Ir honeycombs in Na,IrO; =5 A

. Different stacking compared to A,IrO,

-~ "0’ ’ N
K,IrO, structure made up of Kir,Og Klr,O¢ layers made up of edge sharing
layers separated by K layers IrO, octahedra viewed down the c-axis

* A majority of the obtained crystals had the above structure. However, crystals with
a different but qualitatively similar structure and crystals with two different
morphologies (hexagonal and square sheets) were obtained. The structure and
properties of these square planar crystals are being investigated.
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K,1rO,, 3-layer Structure

*  Rhombohedral

e Spacegrp R3(148), a=b=5.282A, c=20.27 A

Almost perfect honeycomb with Ir-Ir = 3.047 A and 3.051 A
Separation between Ir honeycomb layers = 6.8 A

*  Separation of Ir honeycombs in Na,IrO; =5 A
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Magnetic and thermal properties of K, IrO,

Magnetic Susceptibility and Heat Capacity of K,IrO; crystals

7 2500 T T T T
6 —— H=2T ) O 1/x 061 ﬂisz.)a
g X = i 2000 L — fitby y =y + C/(T-6) f(l_:atuce
E 5 mg mag
e 4 % 1500 | Coalk b
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......... g 3 Go02}k R
] 500 [ C = 0.378(5) cm™ / mol-K
6 = -201(6) K
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 Strong localized magnetism : « C__ shows broad bump
) mag
Mott insulator around 30 K
—1 - _ . .
*  Sef=7%0=-200K e FiniteC/TatT=0
* No ordering or freezing to 2 K e y=13ml/mol K2
« Large frustration, |6|/T, > 100 e« S ~50%RIn2
mag

Possible QSL with gapless excitations, but different from Kitaev QSL



Conclusions and Future Work

Cu,IrO5 and K,IrO; are new Kitaev QSL candidates
Cu,IrO; shows properties consistent with random singlets
in a QSL background

Need to understand different scaling of x, M and C

K,IrO, : a new platform for Kitaev physics

a. Controllable synthesis of the two structures

b. Microscopic probes of magnetism: NMR, uSR

c. Dynamics : INS, NMR, Raman

d. Thermal transport



