Fractionalized fermionic
quantum criticality

Lukas Janssen
TU Dresden

Urban Seifert, Santa Barbara Wﬂrzburg

1/42306/4-1

ct.gmat

Complexity and Topology
iIn Quantum Matter

Noether-
Programm

e Wurzburg-Dresden Cluster of Excellence

g?? 3"?%\

© -, ©
oY e X o9le
e

Fakher Assaad, Wiirzburg

Sreejith Chulliparambil, Dresden
Xiao-Yu Dong, Ghent
Hong-Hao Tu, Dresden
Matthias Vojta, Dresden
Shouryya Ray, Odense

Michael Scherer, Bochum




QOutline

(1) Fractionalized quantum criticality

(2) Frustrated spins and spin-orbitals

- —i1—@—

o——0-
. . . . . I

(3) Square-lattice Kitaev-Ising spin-orbital model Kitaev spin-orbital liquid sing spin order

. . . . . & o \MI’\MI’\ ©

(4) Honeycomb-lattice Kitaev-Heisenberg spin-orbital model ~ ~" 9g& Vs ds o6
/..0\.../0.0\.../ 4. \Ii M. \li .

Kitaev spin-orbital liquid SO(3) Kitaev liquid

—_%

(5) Conclusions



QOutline

(1) Fractionalized quantum criticality



Classical vs quantum criticality
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Deconfined quantum criticality
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Spin-liquid transitions
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Ordered state Quantum paramagnet [Assaad & Grover, PRX '16]
_—*—_-) [Xu,, Qi, Zhang, Assaad, Xu, Meng, PRX "19]
0 J [LJ, Wang, Scherer, Meng, Xu, PRB "20]

Quantum paramagnet #1

ﬁ [Metlitski, Mross, Sachdev, Senthil, PRB ’15]

0 J ILJ & He, PRB '17
[Boyack, Lin, Zerf, Rayyan, Maciejko, PRB '18]




Example: Kagome-lattice Bose-Hubbard model

Hamiltonian:

H=-t)

(i)

bj b + bib}

+V > (no)’
O

... bj hard-core bosons

[Isakov, Hastings, Melko, Nat. Phys. "11]



Example: Kagome-lattice Bose-Hubbard model .V.V.V.V
Hamiltonian: v.v.v.v
H=—t) b,TbJ- + b,-bJT_ n V%(no)2 A.xx.x.v

(ij)

... bj hard-core bosons

Phase diagram:

T/t

Topological
spin

[Isakov, Hastings, Melko, Nat. Phys. "11]



Example: Kagome-lattice Bose-Hubbard model

Hamiltonian:

H — —tz -blTbj -+ bib}- + \/Z(I‘IQ)2
(ijy _ O

... bj hard-core bosons

Phase diagram: Entanglement entropy:  Sh(A)=al—v+ ...

T/t

Quantum
'\ critical

Superfluid Topological
spin

... In spin liquid phase

[Isakov, Hastings, Melko, Nat. Phys. "11]



Quantum critical scaling: XY*

Superfluid density:
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Quantum critical scaling: XY*

Supertluid density: Two-point superfluid correlator:
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[Isakov, Hastings, Melko, Nat. Phys. "11] [Isakov, Melko, Hastings, Science '12]
v =~ 0.67 = vxy n ~ 1.49 #+ nxy ~ 0.038

Order parameter composite of fractionalized particles!

... cf. n7 = 1.47 from field theory
[Calabrese, Pelissetto, Vicari, PRE '02]



Finite-size spectroscopy: Ising vs Ising™®

Transverse-field Ising: Transverse-field toric code:
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Finite-size spectroscopy: Ising vs Ising™®
Transverse-tield Ising: Transverse-field toric code:
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Fermionic version of fractionalized QCP?
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Fractionalized quantum criticality

(2) Frustrated spins and spin-orbitals

Square-lattice Kitaev-Ising spin-orbital model

Honeycomb-lattice Kitaev-Heisenberg spin-orbital model

Conclusions
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Kitaev spin-1/2 model

Hamiltonian:

H=K Z ofo; + K Z oiof + K Z 0707

blue links green links red links

[Kitaev, Ann. Phys. '06]
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Kitaev spin-1/2 model

Hamiltonian:

H=K Z ofo; + K Z oiof + K Z 0707

blue links green links red links

Majorana representation:

Ib*c

o’ — o0 =ib’'c

o* — o~

07 3 5% = ib*c

~ - @

spin 4 Majoranas

[Kitaev, Ann. Phys. '06]

with gauge constraint
11



Kitaev spin-1/2 model

Hamiltonian:

blue links green links red links
Majorana representation: Fractionalization:
o +— 0" =Iib"c

Ve oy Hi— H=iK Z(ib;?b])c,-cj
o’ +— o0l = Ib'c (i) H’_f AT
0% s 6% = ibc -

— Ujj = UI-J

with |d;;, H| =0 = static Z; gauge field!

~ - @
@ Ground-state flux pattern: u =1
[Lieb, PRL '94]

SpiIn 4 Majoranas .
[Kitaev, Ann. Phys. '06]

with gauge constraint
11



Kitaev-Heisenberg spin-1/2 model

Hamiltonian:

H = K20707+J25’61
(i)~ (ij)

... possible relevance to o-RuCls, NazlrO3, NaxCoxTeOeg, ...
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Kitaev-Heisenberg spin-1/2 model

Hamiltonian:

H = K20707+J26’EJ
(i)~ (ij)

Phase diagram: K>0J=0 ... possible relevance to a-RuCls, NaalrOs, Na>Co,TeOe, ...
| liquid
Zigzag L Néel

J=Acosp
K = 2Asinp

... from 24-site ED: [Chaloupka, Jackeli, Khaliullin, PRL '13]




Teical callnge: yna | ae fi

... ho sign-problem-free QMC available: [Sato & Assaad, PRB ’'21]



Kitaev's 16-fold way of anyon theories

Clifford algebra:
{T# TV} = 26

Representations:

O_Oé

[¥ 8 x 8

... can realize all 16 topological SCs:
[Chulliparambil, ..., LJ, Tu, PRB '20]
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Kitaev's 16-fold way of anyon theories

Clifford algebra:
{T# TV} = 26

Representations:

o% 2 X2 ' [ 8 x 8
Hamiltonian:
2g+3
H=K> [r7+ Y rPr?
(i)~ F=Ym+1

... can realize all 16 topological SCs:
[Chulliparambil, ..., LJ, Tu, PRB '20]
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Kitaev's 16-fold way of anyon theories

Clifford algebra:
{T# TV} = 26

Representations:

o% 2 x?2 v 4 x4 [#
Hamiltonian: Majorana representation:
29 +3 [* = ib%c
Y1 YB P
H=K> [T+ Y 1r; b _ s
’J>fy f=ym+1

... can realize all 16 topological SCs:
[Chulliparambil, ..., LJ, Tu, PRB '20]

13



Kitaev's 16-fold way of anyon theories

Clifford algebra:
{T# TV} = 26

Representations:

o 2 X2 v 4 x4 [#
Hamiltonian: Majorana representation:
29 +3 [* = ib%c
VY YB B
H=K> [T+ Y 1r; Ny
I_[>,y ﬁ 'Ym‘|‘]-
Fractionalization: i 2g-+3
KY by lcg+ > bEBP
) B=vm+1

... can realize all 16 topological SCs:

with 0ij, H| =0 = static Z; gauge field! [Chulliparambil, ..., LJ, Tu, PRB "20]
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Kitaev spin-orbital models

Spin + orbital + ... degrees of freedom:

I

——0O—

o% 2 x2 TP =" 4x4 [* 8 x 8
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Kitaev spin-orbital models

Spin + orbital + ... degrees of freedom:

I

o —(O—(0O—
—8—C—
o% 2 x2 TP =" 4x4 [* 8 x 8

Spin-orbital representation:
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Kitaev spin-orbital models

Spin + orbital + ... degrees of freedom:

Spin-orbital

I

—— —
o% 2x2
representation:

— oY @ 7% = iblc
— 0’ @ TV = ib°C
=0’ @1 =ib’c
—o*®1 =ib'c
— 0?1 =ibc

c* QTP =5 4x4 s

Example (square lattice):

HK—KZ(O' o; + 0; ay)®7-i77-1'.7

Kita
eV Aapl-
Xy Orbita)
SPip

— 1K Z U C,CJ + b5b15)
(1))

15

3 X 8

2 itinerant fermions

... recover known model for j = 3/2 spin liquid:

[Yao, Zhang, Kivelson, PRL '09]
[Nakai, Ryu, Furusaki, PRB '12]



Kitaev-Ising spin-orbital model |
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Ising perturbation: | |
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A= Hk+J Z 0;0j & 1i1; Kitaev spin-orbital liquid Ising spin order
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Kitaev-Ising spin-orbital model |

—-Q@—( 11— —
Ising perturbation: | |
=) — ) — 1 —
I
— Z Z Z - "
A= Hk+J Z ojo; ® Lil, Kitaev spin-orbital liquid Ising spin order
(iJ)
0 J /K
Parton representation: oK
e’g,e‘t/ _72.'7(/,\»
— |
\\0\")\(\(3 Y / _
H —> Z 2KUU(fT —|— fo) —|— 4JZ(n, — —)(nJ Ground-state flux pattern:
- ) A [Lieb, PRL '04]
(ij) 7\ (
Fo 1 &  density fif
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Spinless fermions on m-flux lattice: QMC o36] A
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0.25| |
0.20 - A

? @ 015 E
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0.05-— ,
Dirac semimetal Charge density wave 0-00-?2’12 T e 140 144

_—7 ?—_—) Vv
0 [Wang, Corboz, Troyer, NJP ’14

V/t o o
[Li, Jiang, Yao, NJP '15]
(\// t)c — ]_28]_(2) [Huffman & Chandrasekharan, PRD '17; PRD '20

ACDW
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Spinless fermions on m-flux lattice: QMC o36] A
0.30} ks -
0.25| |
0.20 - A

X @ 015 E
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0.05
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Dirac semimetal Charge density wave O-OOWZ T TEEVTER

_—i r—_-) Vv
0 [Wang, Corboz, Troyer, NJP ’14

V/t o o
[Li, Jiang, Yao, NJP '15]
(\// t)c — ]_28]_(2) [Huffman & Chandrasekharan, PRD '17; PRD '20

Spin-orbital model:

I
Gross-Neveu-Z»>* —@— 1 —Q@-

-G ) ) —

Kitaev spin-orbital liquid Ising spin order

e

0 J/K

(Jz/ K)c — 0642(2) [Seifert, Dong, Chulliparambil, Vojta, Tu, LJ, PRL "20]



_ _ _ 040t
Spinless fermions on m-tlux lattice: QMC o5 A
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0051

Dirac semimetal Charge density wave 0.00 Bl —

—— * e v
0 V/t [Wang, Corboz, Troyer, NJP '14]
[Li, Jiang, Yao, NJP '15]
(\// t)c — ]_28]_(2) [Huffman & Chandrasekharan, PRD '17; PRD '20
- - _ _ [LJ & Herbut, PRB '14]
GFOSS-NQVGU-ZZ Unlversallty. 1/1/ o 112(1)’ TM’ o 051(3) [Ilhrig, Mihaila, Scherer, PRB '18
[Erramilli et al., JHEP ’23]
Spin—orbita| mOdel: N = 8: [Wang & Meng, arXiv:23O4.OOO3.Z;].

I
Gross-Neveu-Z»>* ‘?_ & _?‘

-G ) ) —

Kitaev spin-orbital liquid Ising spin order

0 #IK

(Jz/ K)c — 0642(2) [Seifert, Dong, Chulliparambil, Vojta, Tu, LJ, PRL "20]



Gross-Neveu vs Gross-Neveu*

Gross-Neveu-Z»
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... testable in future simulations
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Kitaev-Heisenberg spin-orbital model ~ AN
Hamiltonian: .I. .I.
N SN
H:KZ&’,--5J®T?TJ7+JZ5’,--6’J-®]1,-]1J- [ I

(if)~ (i) 3 itinerant fermions
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Kitaev-Heisenberg spin-orbital model NN AN
Hamiltonian: ,I, ,I.
ZONe” O
7-[:KZ&’,--5’J-®T;YTJ7+JZ5’,--6’J-®]1,-]1J- [ [

(i) g e e (i) 3 itinerant fermions

j

A 4

> U,'j(c,-, b}, b,5) : (ZJ5>
J
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Kitaev-Heisenberg spin-orbital model

Hamiltonian:

H=K) ¢-¢e1 1 +J) & d1l;
(1) N ———r

O —
) S YT Te)  (gLg)

with [d;j, H] = O still static!

20

3 itinerant fermions



Kitaev-Heisenberg spin-orbital model

Hamiltonian:

Phase diagram:

(L )y e s

\.i./':'\.i./':'\ X X X

/o.o\‘./o.o\.‘/

Kitaev spin-orbital liquid

H=K) ¢-¢e1 1 +J) & d1l;

() I S —

SO(3

20

itaev liquid

J/IK

3 itinerant fermions

wLcia) # (ciglcig)

“spin density wave’



Gross-Neveu-SO(3)* transition

IDMRG:

:
0.5+ A-A-A-*-A-A-*-A:;-A-A-*-A-A-*-A-A-A 11.0

 J
=
()|
wl
P

0.0 —e-0-0-0-0-0-09®

— ———————100
0.1 03 05 07 09 1.1 1.3 1.5 1.7 19
J/K

... on cylinder with L, = 4 unit cells
g g [Seifert, Dong, Chulliparambil, Vojta, Tu, LJ, PRL "20]
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Gross-Neveu-SO(3)* transition

IDMRG:

|
AAdh-A-A & +A Ak-A-Ak-A-AA

1 1.0

— 10
0.1 03 05 07 09 L1 13 15 1.7 19

J/K

... on cylinder with L, = 4 unit cells

Phase diagram:

| ( A 1f
N SN O N N7 NN ©
oy g8E i dp  g&e
AN NS A NLY N
P o
Kitaev spin-orbital liquid SO(3) Kitaev liquid
0 W JIK

(J/K)e = 0.9(2)

[Seifert, Dong, Chulliparambil, Vojta, Tu, LJ, PRL ’20]
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Gross-Neveu-SO(3)* transition

IDMRG:

- AcA A hcAA ok +A Ak-A-Ak-A-AA

1 1.0

— 10
0.1 03 05 07 09 11 13 15 1.7 19

J/K

... on cylinder with L, = 4 unit cells

Effective field theory:

S

/ d°xXdT

Phase diagram:

| ( A 1f
N SN O N N7 NN ©
o
L iig ir Ap oo®
AN NS A NLY N
P o
Kitaev spin-orbital liquid SO(3) Kitaev liquid

— S

0 J/K
(J/K)e = 0.9(2)

[Seifert, Dong, Chulliparambil, Vojta, Tu, LJ, PRL ’20]

IV 0u + g6 P12 @ D)y

“Gross-Neveu-50(3)"
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Gross-Neveu-SO(3)* criticality v e m
4 — € expansion naive  0.97516 0.39181 0.17234
[1/2] 0.94472  0.40086  0.16458
[2/1]  sing. 0.36989  0.18622
a . [0/3]  1.09000 n.-c. n.-c.
C rltlca | exponents frOm L I/N expansion naive  2.67318 0.49833 —
[1/1] 0.89397  0.46276 —
[0/2] sing. 0.51074 n.-€.
e 4 - g expansion © 3 loop AT et
[1/2] — o 0.12337
[2/1] — — 0.22716
o ]_/N expa nSion @ O(]_/Nz) FRG Taylor 1[1(1)1{;1 1.19&(10) 0.387_81(6) 0.12655(8)
sharp  1.209(4)  0.3434(5)  0.1966(6)
] : pseudospectral linear 1.18974 0.38781 0.15072
P FunCthnal RG @ LPA sharp  1.20465 034340  0.19649
2.0
2.0 FRG (sh)
FRG (lin)
1/ N exp., [0/2]
1/N exp., [1/1]
\> 1 O_ € CXP., [0/3] - 1 O_ “_ ) ]
—_— ' ~ € exp., [2/ 1]
FRG (hn) /' 1/N cXP., [1/1]
7 € exp., [1/2]
“ FRG (sh) FRG (sh) ===
——-J \\»/'/ i
~—TFRG (sh) € exp., [1/2]
OO I I I OO I

3.0
D

3.0 3.5 4.0 2.0 2.5

3.5

4.0

[Ray, lhrig, Kruti, Gracey, Scherer, LJ, PRB '21]
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Sign-problem-free bilayer model

Hamiltonian:

N 2
H=—tY chon—JY (chimiven)

<’J> i ... with SO(3) x Ux(1) x Uc X Zy symmetry
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Sign-problem-free bilayer model

Hamiltonian:

H=—t> chon— JZ (C,,\LT,\,\' )

(ij)

QMC structure factors:

45 |

~ (cfLc) “SO(3) semimetal”

... with SO(3) x Ux(1) x Uc x Zy symmetry

SSO(3)(F)

L=4 s
L=6
L=8 rh—
15 | L=10

30

~ (cl¢,) “interlayer coherence”

OO—O(M:

0.2 0.4 0.6




Sign-problem-free bilayer model

' : S tri
Phase diagram: ymmetric SO(3) semimetal
semimetal

384 28e 33e
— e &,

“Spin-orbital liquid” Je1 “SO(3) Kitaev liquid” Je2 “Gapped liquid” J



Sign-problem-free bilayer model

Phase diagram: Symmetric SO(3) semimetal
semimetal
\, v,
? ? X S X o S g a
O O
“Spin-orbital liquid” Jcl “SO(3) Kitaev liquid” Jc2 “Gapped liquid”
Fermion spectral J=0.30 W J=0.70 J=1.10

function:

W/t
S P, NN W K= U1 O




Sign-problem-free bilayer model

Phase diagram: Symmetric 50(3) semimetal
semimetal
v, v,
g?? o e °2e
[ O
Spin-orbital liquid cl SO(3) Kitaev liquid c2 Gapped liquid
Fermion spectral 7=0.30 W 7=0.70 7=1.10
6 - -

function:

W/t
S P, NN W K= U1 O

Quasiparticle weight:

J=0.40 —A—
Z(k=K)=6 -------- :
J=0.50 —<—

X thyxtey |

0 003 006 009 012 015 0.18
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= N w I Ul D ~J
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N |
<




Gross-Neveu-SO(3) transition at J X?X — 2?%

- S(T + dk)
Correlation ratio: R. =1
5(T)
1 \ \ 1
L=12,=12 —>X—
L=15,=15 +—— 1/v=0.906, J.,=0.461
0.751 ;13 §=18 o 0.8} cl . * o
L | pSO® P ~ . o>
R 0.5 ¢ RU(I) . S QO6 = 1 o
_ ke f e . = 1/v=00906(35)
0.25' L=15,p=15 —&— 0.4| @WE’ ff?%’ﬁj? .
1=18, 8=18 o © f;g’ﬂ;g o
: A D e 0.2 \ - =18, p=18
®.2 0.425 O:}S 0.475 0.5 09 06 03 1 )0 03 0.6
J

.. cf. 1/v=0.93(4) and ne = 0.83(4) from field theory

o [Ray, lhrig, Kruti, Gracey, Scherer, LJ, PRB '21]



Gross-Neveu-SO(3) transition at J X?X — 2?%

- S(T + dk)
Correlation ratio: R. =1
5(T)
1 \ \ 1
L=12,=12 —>X—
L=15,4=15 +—s— 1/v=0.900, J,,=0.461 ®
0.75) 118, p=18 0.8 ¢ e
SO(3) _ 2
s A I O o | 1/v = 0.906(35
, L=12, =12 °< h @“’EV L=9,8=9 = /’/ — V. ( )
0.251 [=15,p=15 —&— 0.4} o™ fi?%’ﬁj? =
1=18, 8=18 o © ”;g’ﬂ;g o
. - S 0.2 \
bz 0.425 0.45 0.475 0.5 09 06 03 0 03 06
J JL
Order parameter: 12 + +
L=9,8=9 = ¢
~12,4=12 =
w8 L=154=15 >
=~ =18,4=18 < o
L e = 1ng = 0.470(13)
\-’/q 4 OE@EV
o & > 1,=0.470
) 06 03 0 03 0.6 ... cf. 1/v =0.93(4) and ne = 0.83(4) from field theory
jL]/V [Ray, lhrig, Kruti, Gracey, Scherer, LJ, PRB '21]



SO(3)-U(1) transition at Jeo oY e » 998
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Correlation ratios:

Critical couplings:
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Free energy:

Correlation lengths:
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Free energy:

Correlation lengths:
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Conclusions

Square-lattice Kitaev-Ising spin-orbital model:

v = 2 Kitaev liquid Ising spin order
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Honeycomb-lattice Kitaev-Heisenberg spin-orbital model:

v = 3 Kitaev liquid SO(3) semimetal

[Liu, Vojta, Assaad, LJ, PRL '22]
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