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Classical vs quantum criticality
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DeconbPned guantum criticality
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DeconbPned guantum criticality
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Fractionalized quantum criticality

{

Ordered state Quantum spin liquid

[Isakov, Melko, Hastings, Science 012]
[Assaad & Grover, PRX O16]
[LJ, Wang, Scherer, Meng, Xu, PRB 020]
E

Quantum spin liquid #1

[Metlitski, Mross, Sachdev, Senthil, PRB O15]
[LJ & He, PRB 0O17]
[Boyack, Lin, Zerf, Rayyan, Maciejko, PRB O18]
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(2) From Kitaev to Kitaev-Kugel-Khomskii




Kitaev spin-1/2 model

Hamiltonian:

H=K 1M+ K 1Y+ 17

blue links green links red links

I talk by N. Perkins
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[Kitaev, Ann. Phys. O06]



Kitaev spin-1/2 model

Hamiltonian:

H=K  1Xx+K 1Y+ K 177

blue links green links red links

Majorana representation

121" X = 1b*c
1Y 1" Y = jibYc
ib“c

~

.
N

[

1 spin 4 Majoranas I talk by N. Perkins
with gauge constraint

[Kitaev, Ann. Phys. O06]
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Kitaev spin-1/2 model

Hamiltonian:
H=K  1Xx+K 1Y+ K 177
blue links green links red links
Majorana representation Fractionalization:
21 B = 1b*c s . .. A.A
H!" H=iK (ib’b’)cc
Y Y = jbYe |

lij s "

ib’c -0 =

I S

with ”K.j]j ; Fr' =0 static Z, gauge pbel

Ground-state [3ux pattern:u ! 1
[Lieb, PRL 094]

1 spin 4 Majoranas | talk by N. Perkins

with gauge constraint [Kitaev, Ann. Phys. O06]
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Kitaev-Helsenberg spin-1/2 model

Hamiltonian:

H=K 131%+J3 & &

E possible relevance to! -RuCk, NazlrOz, NaxCo,TeOs, E
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Kitaev-Helsenberg spin-1/2 model

[10]! b €z

Hamiltonian:

Phase diagram

E possible relevance to! -RuCk, NazlrOz, NaxCo,TeOs, E

J = AcosO
K = 2AsinC

E from 24-site ED: [Chaloupka, Jackeli, Khaliullin, PRL O1:



»' Teial clnge: y a !

E no sign-problem-free QMC availableSato & Assaad, PRB 021



Kitaev spin-orbital models

Spin-orbital generalization: T l T l
——(— ———
U 21 2 141 pP=3 4" 4

E can realize all 16 topological SCs:
[Chulliparambil, E, LJ, Tu, PRB 020]



Kitaev spin-orbital models

Spin-orbital generalization: T l T l
——(— ———
U 21 2 141 pP=3 4" 4

E can realize all 16 topological SCs:
_ _ - A A [Chulliparambil, E, LJ, Tu, PRB O20]
Hamiltonian: H =K i &k | h? p®

Kitaev orbital




Kitaev spin-orbital models

I

Spin-orbital generalization:

. —O0—0O—
——0O—
U 21 2 141 pP=3 4" 4
E can realize all 16 topological SCs:
_ _ o [Chulliparambil, E, LJ, Tu, PRB 020]
Hamiltonian: H =K h* b

Majorana representation

Kitaev orbital

Fractionalization:

ib'c” | N &
. HI!" H=IK i C" C
|b2CX N | ]
1) "
ib3c” 5 |
icYcX with @;;H =0
i CZ CX E cf. also [Yao & Lee, PRL O11]

I talks by A. Tsvelik & P. Coleman



Outline

(3) Kitaev-Heisenberg spin-orbital models
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Kitaev-Helsenberg spin-orbital model

Hamiltonian:
H=K Has! B +J  may! 1
lij"a ij | S s
" x(c Cci) &(gEc)

with [a;; H] = O still static!
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Kitaev-Helsenberg spin-orbital model

Hamiltonian:
H=K Has! B +J  may! 1
lij"a ij | 14 /
" x(c Cci) &(gEc)

with [a;; H] = O still static!

Phase diagram
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0 J/ K
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Gross-Neveu-SO(3)* transition

IDMRG:
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0.0

E on cylinder with Ly = 4 unit cells
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[Seifert, Dong, Chulliparambil, Vojta, Tu, LJ, PRL O20]



Gross-Neveu-SO(3)* transition

IDMRG: Phase diagram
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Gross-Neveu-SO(3)* transition

IDMRG: Phase diagram
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E! ective Peld theory S= d’xdb AN@ + gbag1,! r) OGross-Neveu-SO(:

17 [Ray, lhrig, Kruti, Gracey, Scherer, LJ, PRB 021



Sign-problem-free bilayer model

Hamiltonian:

A A , 2
H=11 CoCp ! J CLCP55Cp

lij " |

... with SO(3)! Up(1)! U;! Z, symmetn
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Sign-problem-free bilayer model

Hamiltonian:

AN AN
CoCp ! J

lij " |

QMC structure factors:
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Sign-problem-free bilayer model

Phase diagram: Symmetric
semimetal
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Sign-problem-free bilayer model

Phase diagram: Symmetric SO(3) semimetal
semimetal
\, v,
g?? o e 926
O O
OSpin-orbital liquid ~ Jcl OS0(3) Kitaev liquid Je2 OGapped liquic
Fermion spectral | *314( | %3141 *3Q 48

_ $
function: )
‘#

(

1"




Sign-problem-free bilayer model

Phase diagram: Symmetric SO(3) semimetal
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Gross-Neveu-SO(3) transition aica ?XX | 2?%
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- [Ray, Ihrig, Kruti, Gracey, Scherer, LJ, PRB 021]
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SO(3)-U(1) transition at Jco oYe! ©
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[Liu, Vojta, Assaad, LJ, PRL O22 (EditorsO Suggestion)]
16



SO(3)-U(1) transition at Jco

Correlation ratios:

Critical couplings:
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Conclusions

Kitaev-Heisenberg spin-orbital model.
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[Seifert, Dong, Chulliparambil, Vojta, Tu, LJ, PRL O20]

E! ective bilayer honeycomb model:
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Metallic

Gross-Neveu-S0O(3) deconbned QCP?

[Liu, Vojta, Assaad, LJ, PRL O22 (EditorsO Suggestion)]






SO(3)-U(1) transition at Jc e 99%2

X © ! O
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Conclusions

SO(N) Majorana-Hubbard models SUWN) Hubbard-Heisenberg models
I I I I I I/II I I/II
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5 g
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[A# eck & Marston, PRB O88]
[Read & Sachdev, NPB O89]
[LJ & Seifert, PRB 022] [Lang, Meng, Muramatsu, Wessel, Assaad, PRL O13]



Kitaev-Ising spin-orbital model |
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Kitaev-Ising spin-orbital model |
_®_+1 _Q_

cY
Ising perturbation: J\\\‘N . | |
CX

4] —@— +]  —

- |
H = Hg + J* 121 el 151,

L Ising spin ordet
i
0 J =K
Parton representation 2\ Nearest.,
= e
X Bty eDUISIon V = Shbor
| =4 Jz
H " 2K Ui (f fi + f f,) + 4Jz(ni H l)(n- # l) Ground-state Rux pattern:
J\U Y ] 2 J 2 N
j” fjﬂ ( [Lieb, PRL ©94]
= (e ic) electrot deﬂs\ﬁ
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Spin-orbital model! mteractlng fermlons on Bux Iattlce




Spinless fermions oh-3ux lattice: QMC owf T -_
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@ £ o020f §
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O 0.10} {

0.05]

0.00 A a0y

Charge density wav 128 132 136 140 1.44

V
[Wang, Corboz, Troyer, NJP O14]
0 V/t [Li, Jiang, Yao, NJP O15]

(V/1t)c = 1.281(2) [Hu$man & Chandrasekharan, PRD 017; PRD O20]

_ _ - [Gracey, IJIMP 094]
Gross-Nevel- universality: 1= =1:12(1), Q =0:51(3) [LJ & Herbut, PRB O14]
[lliesiuet al., JHEP O18]
[lhrig, Mihaila, Scherer, PRB O18]
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Spinless fermions oh-[3ux lattice: QMC
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[Wang, Corboz, Troyer, NJP O14]
[Li, Jiang, Yao, NJP O15]
[Hu$man & Chandrasekharan, PRD 017; PRD 020]

[Gracey, IJIMP 094]
[LJ & Herbut, PRB O14]
[lliesiuet al., JHEP O18]
[lhrig, Mihaila, Scherer, PRB O18]
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Example: Kagome-lattice Bose-Hubbard model

t >
Hamiltonian: ““
H = | tl\ bl bj + bi bj | + VI\ (nl )2 @

ij "

E b; hard-core bosons

” [Isakov, Hastings, Melko, Nat. Phys. O11]



Example: Kagome-lattice Bose-Hubbard model A.x.x.x.v
Hamiltonian: A.x.x.x.v
A XX X )

H=1t  bb+bb +V (n)
jj" |

E b hard-core bosons

Phase diagram

T/t

Topological
spin
liquid

(V/'1), Vit

o [Isakov, Hastings, Melko, Nat. Phys. O11]



Example: Kagome-lattice Bose-Hubbard model

Hamiltonian:

\

Phase diagram

T/t

A

Quantum

Superfluid

critical
fan

Topological

(VI'),

spin

liquid

H = | tl “bibj + bibj- +VI\ (N )2
ij "

V/t

E b; hard-core bosons

Entanglement entropy Sh(A)= ad a+ :::

24

. . . 1.8
! E in spin liquid phase

[Isakov, Hastings, Melko, Nat. Phys. O11]



Quantum critical scaling: XY*

Superf3uid density:

04+- @
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0.2 - \
@ g
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[(V/ 1) A (VI t) L

[Isakov, Hastings, Melko, Nat. Phys. O11]

0:67 = yy
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Quantum critical scaling: XY*

Superf3uid density:

04+- @

O OL=6
eL=12
®L=18

0 ...l) oL=24
O @L=30
= ‘5% oL =36
5)
0.2 - \
@ g
o
01 ! ,\I ! Al ! Al ! | ! | ! | I"
A8 A6 A4 A2 0 2 6
[(V/ 1) A (VI t) L

[Isakov, Hastings, Melko, Nat. Phys. O11]

0:67 = yy

Two-point superf3uid correlator

25

0.01

- L1+ 1.493

G(L/ 6)

0.001

[Isakov, Melko, Hastings, Science O1

Ol 1:49= O ! 0:03¢

Order parametercompositeof fractionalized particles!

Ecf. "t ! 1.54 from beld theory
[Chubukov, Sachdev, Senthil, NPB 094



Finite-size spectroscopy: Ising vs Ising*
Transverse-peld Ising:

H=1J 12121 h IX

26

Transverse-beld toric code:

H=1J  1X1J

S 1I!s P Ilp



Finite-size spectroscopy: Ising vs Ising*

Transverse-peld Ising: Transverse-peld toric code:

H=1J 121?21l h 1X H=1J  1X1'J  1Z1 Rh IX

J | | |
Lij I S 1I!s P Ilp |
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xopo\og\c [Schuler, Whitsitt, Henry, Sachdev, LSuchli, PRL O1

26



Gross-Neveu vs Gross-Neveu*

Gross-Nevel- Gross-Nevel»* (schematic)

15.0—

....................

miSSing I'n G/\/
*

27

(2 )7
Kekule

T

[Schuler, Hesselmann, Whitsitt, Lang, Wessel, LSuchli, PRB 021] E testable in future simulations



