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Introduction: Quantum numbers of composites
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Introduction: Quantum numbers of composites
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Introduction: Quantum numbers of composites

Free spins-1/2:

Interacting spins-1/2:
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Introduction: Spin liquids
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Fractionalization:
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Introduction: Spin liquids

Fractionalization:
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- Quantum numbers of collective excitations # n - quantum numbers of constituents
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Parton decomposition:

“Spins”



Introduction: Spin liquids

Fractionalization:

—— e —— _ — e e e —————— — P—— I 'ﬁ:ffv*“%?—m

- Quantum numbers of collective excitations # n - quantum numbers of constituents |

— —— - R — — ___|

Parton decomposition: U(1) gauge redundancy:
Si = VU — eD"'\IJ,-

... full gauge redundancy: SU(2)
[Affleck et al., PRB '88]

Spinons’



Introduction: Spin liquids
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Fractionalization:

| - - o B ————— |
- Quantum numbers of collective excitations # n - quantum numbers of constituents |

Parton decomposition: U(1) gauge redundancy:
Si = VU — eD"'\IJ,-

... full gauge redundancy: SU(2)
[Affleck et al., PRB '88]

Spinons’

Models featuring “deconfined” spinons?
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Introduction: Kitaev honeycomb model

Spins-1/2 on honeycomb lattice:

Alexei Kitaev

Hamiltonian: H— _K Z 00X —K Z oYo! —K Z 0Z07

blue links green links red links

[Kitaev, Ann. Phys. '06]



Introduction: Kitaev honeycomb model

Spins-1/2 on honeycomb lattice:

Hamiltonian: H— _K E o¥o% —K E ) K Z 007
I
blue links green links red links
Parton decomposition: Hi— — /K E U;j Ci Cj

“-=Majorana fermions c' = ¢

Static (') Zz gauge field [Kitaev, Ann. Phys. '06]
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Introduction: Spin-liquid criticality
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Introduction: Spin-liquid criticality
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Introduction: Spin-liquid criticality
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This talk:

‘How do fractionalized excitations affect quantum crltlcallty?
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. Example #1:  Confinement transition

in flatland U(1) gauge theory




Flatland U(1) gauge theory: Lattice compact QED3

Action (square lattice):
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0

| 4 1 — COS[QO,'J'('T —+ 1) — QD,'J'('T)] | K Nt
"IN ; N2 - Z cos(curl )
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... favors m flux for K > 0



Flatland U(1) gauge theory: Lattice compact QED3

Action (square lattice):

&)
5:/ dT
0

4 Z 1 — COS[QO,'J'('T —+ 1) — QD,'J'('T

JN
Nt

AT?

... favors m flux for K > 0

Phase diagram (K > 0):

U(1) Dirac spin liquid V I/t
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Flatland U(1) gauge theory: Lattice compact QED3

Action (square lattice):
v
Via(0:8; — te¥)ja + He

b
S = / dT
| (ij) .

4 — 1— cos[pi(T +1) — i KN
| JNf ; COS[QOJ('T + ) QOJ('T)] | : f Z COS(CUF' (,0)
ij

AT?

= _

... favors m flux for K > 0

Phase diagram (K > 0):

U(1) Dirac spin liquid ; VBS order I/t

[Xu et al., PRX '19]
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Field theory: QED3-Gross-Neveu-XY

Action (continuum):

5:/d'r/d2>?

X,y



Field theory: QED3-Gross-Neveu-XY

Action (continuum):

> = / dr / d”X _1/7(% - ’.Au);/’\ + ¢"PuY + £¢a¢a - 5 euupauAp)Q_

a=xy
RG flow:
confined QED3-GN-XY criticality:
30
sl =1 T O(1/N§)
- Ny = 1 3;26Nf - O(1/Nf)
| 28
1 deconflned Ayps = | 37T2Nf | O(l/Ng)
gapless 40 :
A — - O(1/N
D3 oo QED3-GN-XY @ QED; T s OO
(¢7) =0 (¢p7) # 0 [LJ, Wang, Scherer, Meng, Xu, PRB '20]

_r 1 2. ’
See also: [Dupuis et al., PRB '19] Extension to O(1/Nf): [Zerf et al., PRD "20]

9 — Talk Joseph Maciejko Tue 17:45



Evidence for QED3-Gross-Neveu-XY criticality

Scenario 1: Conventional paramagnet

XY: v~ 0.672

Scenario 2: Dirac fermions

Gross-Neveu-XY: v~ 1.07
ne =~ 0.97

... for Nf = 8
— Talk Sandro Sorella Mon 14:15

Scenario 3: Dirac fermions + U(1) gauge field

QEDs3-Gross-Neveu-XY: v ~1.51

... for Nf = 8

10 [LJ, Wang, Scherer, Meng, Xu, PRB ’20]



Evidence for QED3-Gross-Neveu-XY

Scenario 1: Conventional paramagnet

XY: v~ 0.672

Scenario 2: Dirac fermions

Gross-Neveu-XY: v~ 1.07
ne =~ 0.97

... for Nf = 8
— Talk Sandro Sorella Mon 14:15

Scenario 3: Dirac fermions + U(1) gauge field
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Evidence for QED3-Gross-Neveu-XY criticality

Scenarf=Gqpventional paramagnet o =
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Scenario 2: Dirac fermions () Nt = 8, v ~ 1.07
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ne ~ 0.97 2950697
... for Nf =8 0.0 T T T

— Talk Sandro Sorella Mon 14:15 (J/J, — 1) LY

TVBS

Scenario 3: Dirac fermions + U(1) gauge field

QEDs3-Gross-Neveu-XY: v ~1.51
7L¢ ~ 1”:L4

T'VBS

... for Nf = 8

10 [LJ, Wang, Scherer, Meng, Xu, PRB ’20]



Evidence for QED3-Gross-Neveu-XY criticality

Scenaff=Lqpventional paramagnet
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Gross-Neveu-XY: v~ 1.07

... for Nf = 8
— Talk Sandro Sorella Mon 14:15

Scenario 3: Dirac fermions + U(1) gauge field

QEDs3-Gross-Neveu-XY: v ~1.51
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Evidence for QED3-Gross-Neveu-XY criticality

Scenaff=Lqpventional paramagnet
XY:
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IIl. Example #2:  Spinon-metal—insulator transition
in flatland Z> gauge theory
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Flatland Z> gauge theory: Spin-orbital liquid |

Spin-orbital generalization of Kitaev model: I I

H:—KZ(O' oF + 0; ay)®T'yT'y—|—JZZUZUZ®]l 1;
(1))

< >’Y i [Seifert, Dong, Chulliparambil, Vojta, Tu, LJ, PRL '20]

XY spin Kitaev orbital J2=0: ... recover known j = 3/2 model
[Yao, Zhang, Kivelson, PRL '09]
[Nakai, Ryu, Furusaki, PRB '12]
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Flatland Z> gauge theory: Spin-orbital liquid

Spin-orbital generalization of Kitaev model:

H:—KZ(O' oF + 0; ay)®T'yT'y—|—JZZUZUZ®]l]1

XY spin Kitaev orbital

Phase diagram:

(ij)

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

Jz = 0: ... recover known j = 3/2 model

[Yao, Zhang, Kivelson, PRL '09]
§ I ?

[Nakai, Ryu, Furusaki, PRB '12]
Ising spin order

12
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Flatland Z> gauge theory: Mapping to m-flux model 1?‘

Parton decomposition: - 4
o’ T =ib'c* o1 =i/b"c”

o’ Q1Y = ib%cX o1 =ic’c”

0’ @ T = ib>c”

13



Flatland Z> gauge theory: Mapping to n-flux model a —=> ( 9

Parton decomposition: - 4
o’ T =ib'c* o1 =i/b"c”

o’ Q1Y = ib%cX o1 =ic’c”

0¥ @ 17 = ib3c*

LZ Yr . N€arest_nei
(a“‘e‘e‘ j'\ "' r eDUIsionnle/'ghbor
Q‘\(\Q ©° / / =4
woP i \ \ L"
r-flux model: E (fTF L FT£ Z(n. — 1\(p.
H ~ _ZKUU (f; 6 —I_ fj f;) —I_ 4J (nl 2 Ground-state: 1t flux
(i) A [Lieb, PRL ’94]
Fe g
2 ( CX +~ /CJ’) e\ec,’i
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Flatland Z> gauge theory: Mapping to n-flux model a —=> ( 9

Parton decomposition: - 4
o’ T =ib'c* o1 =i/b"c”

o’ Q1Y = ib%cX o1 =ic’c”

0¥ @ 17 = ib3c*

2% ne

t - (/{'/' N arest‘ '
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T-TIUX MmMmaodael. —> (T T L 4 . __ 4+ .
H Z _2 KUI (f; 6 —I_ f] f;) —I_ 4J (nl 2 Ground-state: T flux

[Lieb, PRL '94]

A
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Flatland Z> gauge theory: Mapping to n-flux model 3 —=> ( ;

Parton decomposition: - 4
o’ T =ib'c* o1 =i/b"c”

c°R1L =ic’c”

nearest ne'ghbor
eDUISIOn I/\

| 4z
N |/ & -
. 1 T z 1 1
TC_HUX mOdel' 2KU’J(f; f/ —I_ fj f;) —I_ 4J (ni o 5 (n./ o 5 Ground-state: T flux
P 4 N " [Lieb, PRL '94]

Static (!) 2> gaﬁuge field

1Kltaev spln orbltal model — Interactlng fermlons on n—flux latticel

E— — S
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Spinless fermions on m-tlux lattice: QMC

&

(V/t)e = 1.281(2)

14

N
-

N

-

Charge density wave

V/t
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S o VI=1.200 |
0.500 | :
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(V=V )L/
[Huffman & Chandrasekharan, PRD '17; PRD ’20]
[Wang, Corboz, Troyer, NJP '14
[Li, Jiang, Yao, NJP '15]




Spinless fermions on m-tlux lattice: QMC

&

(V/t)e = 1.281(2)

N
-

N

-

Charge density wave

Gross-Neveu-Z» universality: 1/v=112(1), mng = 0.51(3),

14

o VI=1.304 ; :
1900 et.206 X ]
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§ o VH=1.270 |
= 1.000 - 4 VA=1.250 )
< o Vit=1.200 |
0.500 | —_
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0.000 Lt
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(V=V )L/

[Huffman & Chandrasekharan, PRD '17; PRD ’20]
V/t [Wang, Corboz, Troyer, NJP '14]
[Li, Jiang, Yao, NJP '15]

[Hands, Kocic, Kogut, Ann. Phys. '93]

[Gracey, |JMP '94

My ~ 0.1 [Braun, Gies, D Scherer, PRD '11]
[LJ & Herbut, PRB '14]

[lliesiu et al., JHEP '18

[Ihrig, Mihaila, M Scherer, PRB '18

— Talk David Poland Tue 17:00
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Spinless fermions on m-tlux lattice: QMC
&

Charge density wave
0 ;; V/t

(V/t)e = 1.281(2)

-

1/v = 1.12(1),

Gross-Neveu-Z> universality: ne = 0.51(3), 1y~

Spin-orbital model:
cr Gross-Neveu-Z>*

Ising spin order

0 %% /K

(J2/K). = 0.642(2)

CX

14

0.1 [Braun, Gies, D Scherer, PRD '11]
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19007 Vit=1.206 v
o Vit=1.280 -

s o Vi=1.270 _
= 1000 4 Vit=1.250 :
S o VI=1.200 |
0.500 | .
64 ;

(V=V )L/
[Huffman & Chandrasekharan, PRD '17; PRD ’20]
[Wang, Corboz, Troyer, NJP '14
[Li, Jiang, Yao, NJP '15]

[Hands, Kocic, Kogut, Ann. Phys. '93]
[Gracey, |JMP '94

[LJ & Herbut, PRB '14]
[lliesiu et al., JHEP '18
[Ihrig, Mihaila, M Scherer, PRB '18

— Talk David Poland Tue 17:00

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



Finite-size spectroscopy: Ising vs Ising™®

Transverse-field Ising: Transverse-field toric code:
=Y oo ~hY o N | RO | LRI W
<IJ> [ S IEs p I€p

[Kitaev, Ann. Phys. '03]
[Trebst et al., PRL '07]
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Finite-size spectroscopy: Ising vs Ising™®

Transverse-field Ising: Transverse-field toric code:

H=-J) ofof —h) of H=-J3 T]o: JZ”U —hS o

() j s i€s icp

Isi lsino* [Kitaev, Ann. Phys. '03]
SINg SINg [Trebst et al., PRL '07]
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Gross-Neveu vs Gross-Neveu*

Gross-Neveu-Z-

17 -\ § QMC (¢ + 3d)7
15.0 1>~ O ED ® (V+2d)r
L (¥ + d);
12.5 \X\ (Y +d)7
< 10.0- X\ o
X e===zzzze S \\.\ ® Y er
A 75- A el ¢ (2Y)r
\\\ §§§§§§ » Chermn
e O o | W Kekule
::::;::::0::::\:\2:\::;:::: YT
@ or
@ --@ -0 o WNNE N
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1/vV/ N

[Schuler, Hesselmann, Whitsitt, Lang, Wessel, Lauchli, PRB '21]

— Poster Thomas Lang
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... testable in future simulations
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Conclusions: Spin-liquid criticality

Confinement transition: Spinon-metal—insulator transition:

CY
r J\‘\‘\'

QED3-Gross-Neveu-XY Gross-Neveu-Z5,*

[LJ, Wang, Scherer, Meng, Xu, PRB "20] [Seifert, Dong, Chulliparambil, Vojta, Tu, LJ, PRL "20]
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Conclusions: Spin-liquid criticality

Confinement transition: Spinon-metal—insulator transition:

CY
r J\‘\‘\'

QED3-Gross-Neveu-XY Gross-Neveu-Z5,*

[LJ, Wang, Scherer, Meng, Xu, PRB "20] [Seifert, Dong, Chulliparambil, Vojta, Tu, LJ, PRL "20]

Many further possibilities: — Talk Shouryya Ray @ Wed 17:00 [Ray, Ihrig, Kruti, Gracey, Scherer, LJ, PRB "21]

— Poster Wilhelm Krﬁger [Kriiger, LJ, arXiv:2107.00661]

18






Thermal conductivity of at-RuCls: Thermal Hall effect
Transversal heat conductivity:

Majorana

~~~ 1.
. fermion T >
- z E
E Ix 1.0t
£ 2
= 0.5
-~ O
T X
£2 00
— \Q /¥ |
\\) g g g g —_ g :|
4.4 4.6 4.8 5.0 5.2
Iu()HJ_ (T)
Magnetic field
[Kasahara et al., Nature '18]
Topical Review: [LJ & Vojta, JPCM '19]
‘Smoking-gun signature of Majorana edge states?|
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Thermal conductivity of a-RuCls: Quantum oscillations e "
— 1.5
0.8 - !!f % I1.o
74 K [ 09K 3’| fos
%4 orm 7€ —40.0
I_ — _()
0.6_ 2 0.5
g / 1.0
1I_ O 1.5
& }I : 10 12 14
(\II 3 /JOH(T) 2.0
; 0.4 - ‘ | 0.64 K [Gass, ..., LJ, et al., PRB "21]
E 0.96 K
& 0.43 K
0.2 -
Sample 1
O ! I ! I ! I ! I ! I ! I ! I
0 2 4 6 8 10 12 14

,UOH (T) [Czajka et al., Nat. Phys. '21]



Monopole proliferation VBS

confined

Z
deconfined

gapless gapped

QEDs _, QED;-GN-XY o QED;

(#°) = . ($7) # 0
Monopole scaling dimension:

A - ) 0.265- 2Nf —0.0383 + O(1/Nf), QEDs3 [Pufu, PRD "14]

qa=3 0.195 . 2Nf + O(]_/N]?)’ QED3_G N-XY Calculation originally done

for QED3-GN-Heisenberg:
[Dupuis, Paranjape, Witczak-Krempa, PRB '19]

Critical flavor number:

v [57 QEDs
"7 )77, QED;-GN-XY
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VBS correlation ratio

0.3
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[LJ, Wang, Scherer, Meng, Xu, PRB '20]



Decay of critical correlators

Dimer correlator Spin correlator

(e) Nf =3

1I1(CD (T))

QAAFM — 37(3)

[LJ, Wang, Scherer, Meng, Xu, PRB '20]



