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Kitaev model and Kitaev spin liquid in S=1/2 systems

Kitaev Exchange

K ) SIS’

(1])€y

where v =x,vy, 2

bond-dependent Ising interaction

Emergent particles: Majorana Fermions & vortex

particle = its own antiparticle

A. Kitaev,Annals of Physics 321,2 (2006):
Anyones in exactly solved model and beyond



Question:

Can we realize Kitaev model and quantum spin liquids in multipolar systems ?
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Introduction: multipolar systems

even number of electrons — free from Kramer’s theorem

Hund’s rule + crystal field theory : non-Kramer doublet

example: £~

Under cubic crystal field
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Focus: 5d? systems

2 electrons in d orbitals
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Quadrupole operators

1
O3 = E(QJE —J; = Jy) (|03
1 2 2
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Octuploar operator
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Quadrupole operators

Os =@~ P =) (4]0s]%) = £1
02 = == (2 = J}) (+]0a]F) =1
Ly, = %Jx]y]z <:%‘Txyz‘ T %> = T
Pauli matrix o — %03 st = %02 +) =
L

9 XYz Non-Kramer doublet



Quadrupole operators

1 2 2 2
O3 = 6(2‘]25 o Ja; o Jy) <::|03‘::> = =1
0y = (J2 —J)) -
2 — 2\/§ x Yy <::‘02|——> — 1
_ 1 1 1 o
Ly = ﬁjx]y]z <::§\Ta;yz\ T §> — Tt

Pauli matrix

Non-Kramer doublet
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Microscopic Theory of 5d? systems

2
tpdw

tg =
Apd

' Apd atomic potential difference between p- and d-orbitals



Recall : there are 2 electrons in ty; orbitals at a site

Consider hopping integrals between two sites (z bond)

Cjxy Cjxz Cjyz

T
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Cjzy Cjaxz Cjyz
0
t1
to
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l. inter-orbital super-exchange (t»)
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l. inter-orbital super-exchange (t»)

Cj Y CJ' T2 CJ' Yz

o 2t2
Hii(90°) =J (Ssi SS;C—SS]) JZS—(;

| /2(Pauli matrix) for non-Kramer doublet

pz =R
AFM octupolar and FM quadrupolar interaction

Yz Xz
support AF Octupolar Order when | is large

\tz/

1, Y2




2. direct exchange (t3)

Cjxy Cjxz Cjyz
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2. direct exchange (t3)

Ciay Cjxz Cjyz
.‘.
Ci,zy 0 O

T, =COs¢®, s*+sing, s,

¢, = (0,27 /3,4m/3)
y =(2,x,y)

bond-dependent quadrupole-quadrupole interaction




t2+t3 processes together:
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t2+t3 processes together:

H; = (JQT J) (sis% + sis7) + Js!s Ty =COs¢y §* +sing, s,
J_ ¢, = (0,27 /3,4m/3)
| : (COS P~ (sfsj — sfsf) — sin ¢, (sfsf + sffsj))
y =(,x,y)
(a)  vortex-quadrupole AF-octupole

0 1 )\,:2J/]I

: Reminds the generic model in honeycomb lattice

G. Khaliullin, D. Churchill, P. Stavropoulos, HYK, PRR 3,033163 (2021)
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Generic Spin Model in 2D honeycomb J — K — 1 model

nearest neighbour:
ideal honeycomb

Ir4—|—

5y

H — Z H'Y) zx(y) F N

+JS; - S,

H*=H*(x —>y — z — x)

J. Rau, E. Lee, HYK, PRL (2014)



(xyz)-coordinate

H? — Z K. S7S; +T.(575] +5/57)] +JS, -8,
(i7) Ez—bond



(xyz)-coordinate

H? — Z K. S7S; +T.(575] +5/57)] +JS, -8,
(17)Ez—bond

Compass model




(xyz)-coordinate

H? — Z K. S7S; +T.(575] +5/57)] +JS, -8,
(17)Ez—bond

Compass model (abc)-coordinate

H; =|Joy (S7SF + SYSY) + J.S7 S}

+A [cos(9,)(S]'S] — SYS]) — sin(¢,)(S7 S} + SV )]

—BV?2 cos(¢)(S§S7 + S757) + sin(¢,) (S S7 + S75Y)]




(xyz)-coordinate
H? Y [K.S7S;+T.(S7SY + SYST)] 478, -8,

(ij)Ez—bond

Compass model (abc)-coordinate

ng =|J2y (S7SF + S,?Sjy) + J. 55

+A [cos(9,)(S]'S] — SYS]) — sin(¢,)(S7 S} + SV )]

In this model: Kitaev limit Jxy, =], =A =B

J. Chaloupka, G. Khaliullin PRB 92,024413 (2015)
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* Kitaev limit Jxy = J; = A ; cannot be satisfied

 Missing B term
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1+2+3, all together: H - ( - Jq> (5357 + s75%) + Josls"
J .
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¢y = (0,27 /3,47 /3) y =(z,x,)

A(t] — t3)?
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D. Churchill, HYK, PRB 105,014438 (2022)
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missing B term : couple between quadrupole and octupole

Kitaev model via magnetic field
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Project to £, doublet:

Field is perp to the plane // sy (octuploar moment)

T, =COS¢, s+ sing, s,

Bond-dependent quadrupole-octupole interaction

h(h—1) gugh
U A “ff U A
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Classical phase diagram (Monte Carlo simulated annealing): 5d2 honeycomb lattice
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Quantum phase diagram (24-site ED)
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Summary

® In 5d? honeycomb Mott insulators, magnetic field introduces the frustration & moves toward

the Kitaev + field limit

® 5d” honeycomb Mott insulator offers Kitaev Multipolar liquids



