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More is different: Sports
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More is different: Big data
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More is different: Biology
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Fundamental vs applied sciences

Sociology not “just applied psychology”

Biology not “just applied chemistry”

Condensed matter not “just applied particle physics”

_———
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‘New laws, concepts, and generalizations necessary at each leve
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[Anderson, Science '72]
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(2) Emergent symmetry: Relativistic fermions from nonrelativistic electrons
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Graphene

Tight-binding model Spectrum Ex = £velk|

... dispersion of massless Dirac fermions

Low e rg : rgent 2+ Lorentz s h

Review: [Castro Neto et al., RMP ’09]
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Graphene: Interactions
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Graphene: Interactions

EF(k) — ::VF‘k‘
U Eg(k) = c|k|

with ¢ = vg!

ALAR]

Dirac Néel

0 U/t
QCP Herbut, PRL '06]
n~1.0 LJ & Herbut, PRB '14]
U192 Toldin et al., PRB '15]

[Otsuka, Yunoki, Sorella, PRX "16]
Roy, Jurici¢, Herbut, JHEP ’'16]
Zerf et al., PRD '17]
— ——————— [Knorr, PRB "18]

| “ ‘Gracey, PRD 18]

N ewW universa al; |ty class 2—|— 1 D G ross- Ne EVeU|  [unidoich rat, PR8 19
Lang, Lauchli, PRL '19]
Otsuka, Sorella, Yunoki, arXiv:2009.04685]
Xu, Grover, arXiv:2009.06644]

o See also: [Hands, Kocic, Kogut, Ann. Phys. '93]
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(3) Emergent topology: Relativistic fermions from winding numbers
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Graphene: Quantum spin Hall insulator =

Spin—orbit Coup|ing: )\SOE- § with Aso ~ 10K ?;r(?]oog _J

Spectrum for Aso > 0 Winding number:

[Thouless, Kohmoto, Nightingale, den Nijs, PRL '82]
[Berry, Proc. R. Soc. '84]

0 K, 2m/a

[Haldane, PRL '88]
[Kane, Mele, PRL ’05]
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Graphene: Quantum spin Hall insulator

Spin-orbit coupling: AsoL - S

Spectrum for Aso > 0

with

Aso ~ 10K

000
X

2m/a

[Haldane, PRL '88]
[Kane, Mele, PRL '05]
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Carbon
12.0107

[Thouless, Kohmoto, Nightingale, den Nijs, PRL '82]
[Berry, Proc. R. Soc. '84]

electrons localized in orbits (insulating)

Quantum Hall effect



Quantum spin Hall insulator: Experimental verification

G =0.01 e?/h
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Vg_V,[hr (V) Review: [Hasan, Kane, RMP '10]
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Quantum spin Hall insulator: Experimental verification

G =0.01 e?/h
/ o I T Experimental detection limit
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Vg_V,[hr (V) Review: [Hasan, Kane, RMP '10]

oD |0gic inulator has 1D gapless edge states|
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Flatland fermions from 3D topological insulator QHE for 2D Dirac fermions’
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Flatland fermions from 3D topological insulator

HgTe

HgTe

Tensile strain

Coulomb interaction
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QHE for 2D Dirac fermions!
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Flatland fermions from 3D topological insulator QHE for 2D Dirac fermions’
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(4) Emergent excitations: Relativistic fermions from fractionalization
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Frustrated magnets

Frustration:

Not all local constraints can be simultaneously satisfied

Consequences:

Classical:  Exponentially large ground-state manifold

2

Quantum: New phases of matter?

Antiferromagnetic coupling of 3 Ising spins

18



Kitaev honeycomb model

Spin-1/2 on honeycomb lattice:

Hamiltonian:

blue links green links red links

Exchange frustration

[Kitaev, Ann. Phys. '06] Review: [Trebst, arXiv:1701.07056]
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Exact solution: Majorana representation

Majorana fermion:

P T _
c=a+a P ¢ =€, 6 =@
d — aT 12 = —CQ Ettore Majorana
Co = : 2 2
[ ci =¢ =1

... Majorana: “half a fermion”
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Exact solution: Majorana representation

Majorana fermion:

T T
C1:a—|—aT i = C,6 =0
d — aT 12 = —Q0 Ettore Majorana
€2 = : 2 2
/ C]_ — C2 — ]1

... Majorana: “half a fermion”

Majorana spin representation:
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/7 gauge transformation

Projection:
J — ‘€>, D = b*b’b*c ... Z»> gauge transformation

21



/7 gauge transformation

Projection:

Spin algebra:

‘€> cHCH <~ D|€> — ‘€>, D= b*b’"b’c ... Z> gauge transformation

1 spin 4 Majoranas

with gauge constraint

... 'parton” construction

21



Application to Kitaev model

Hamiltonian: 7> gauge field:
H H=—i} (ibfbf)ciq [0, H] = 0 = [y, 4 j]
(if)or \ )
. Staticl
= 0ij — 0,TJ ... on links Ujj — Uij = +1

Fractionalization:

]

~ Spins fractionalize into |
fermions and gauge fields %

~ —

Review: [Trebst, arXiv:1701.07056]



Kitaev quantum spin liquid
Gauge field: Fermion spectrum:

uij =1 on all links (ij)

[Lieb, PRL '94]

R [ e -/ —_—
‘Quantum spin liquid: Ground state with fractionalized excitations|

[Kitaev, Ann. Phys. '06]
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Kitaev quantum spin liquid
Gauge field: Fermion spectrum:

uij =1 on all links (ij)

[Lieb, PRL '94]

— = —— _ - - — —_ . e —— e ——  — ———ﬁ

‘Quantum spm I|qU|d Grcund state with fractlonallzed eXC|tat|ons

L Spectrum for h > 0
External magnetic tield: e ‘

S 0 I ec}f
Hzeeman = —h E o | ﬁ ' Q/béo
I 4Lz
0 n/a kX 2n/a

— — _— e e S ____ Pu—— — NS S — — —_—_%(

‘Kltaev mcdel |n fleld Fractlonallzed verS|on of a 2D TI

wrtaev, Ann. Phys. '06]
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Experimental search: a-RuCls

Half-integer thermal Quantum Hall effect:

Majorana 15
. fermion T
T 10
= 2
= 0.5
-~ O
T X
E — 0.0
— \i j |
Y | ;

44 46 48 50 52

Iu()HJ_ (T)
Magnetic field

[Kasahara et al., Nature '18]
Topical Review: [LJ & Vojta, JPCM '19]
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Smoking-gun signature of Majorana edge states?
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Generalizations of Kitaev model: Spin-orbital liquids

Spin + orbital + ... degrees of freedom:

T

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

... can realize all 16 Z> topological superconductors
[Chulliparambil, ..., LJ, Tu, arXiv:2005.13683]
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Generalizations of Kitaev model: Spin-orbital liquids

Spin + orbital + ... degrees of freedom:

B

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

... can realize all 16 Z> topological superconductors
[Chulliparambil, ..., LJ, Tu, arXiv:2005.13683]

Example: j = 3/2

v =ib'c i=1,....5

[ [
—CC—QIQ—QQ— \“/ ¢ \“/ ¢ \
I I 2 itinerant fermions i i 3 itinerant fermions
C =2 X X C =
Y Y Y / \../ \‘./
| ] ]

Square lattice [Nakai, Ryu, Furusaki, PRB "12] o5 Honeycomb lattice [Yao, Lee, PRL "11]



Short-range Majorana interactions

Kitaev

perturbations:

H=-K)» -6 &1
(ij) e
+JZE;-5J®1;1J
(ij)

"Kitaev"

“"Heisenberg"
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Short-range Majorana interactions

Kitaev

H=-K Z 0 0; T, T} “Kitaev”
(i)
+ JZ o;i-0; ®1;1; "Heisenberg’

Phase diagram:

perturbations:

(i))
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Short-range Majorana interactions

Kitaev

__ § = = o, o

Phase diagram:

perturbations:

“Kitaev"”
(ij) e
+ JZ o;-0;Q1;1; “Heisenberg”
(ij)
OIO OIQ I’ I’
N  Na” N NG N7
QIO OIO II’ llf
AN N AN NY
| I GN-SO(3)* ll ﬂ

0O vy =3Kitaev SOL 0.6-0.9 vy =1 Kitaev SOL

i

J/ K

with Néel order

Fa ion al ie e rsion

26

DMRG:

— ——— =

051 A-Adk-Addk-h-Adk-AdkaAdd
| P
0.4 | it
e ,
0.3 | Rt
= B
Te 0.2 ! :
~ . x
0.1 B : :
e
1 *
0.0 —0*&“4.*.—.—‘?'.
0.1 03 05 0.7 09 1.1 13 15 1.7 1.9
J/K
_ - — ———

Gross-Neveu

1 1.0

0.0
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Gross-Neveu-SO(3)* criticality

Gross-Neveu* versus Gross-Neveu:

e Adjacent phases topological: N four topological sectors

e Quasiparticles fractionalized: “missing’ states

... cf. Ising™: [Schuler et al., PRL '16]

————

{Universal fingerprints in finite-size spectr
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Gross-Neveu-SO(3)* criticality

Gross-Neveu* versus Gross-Neveu:

e Adjacent phases topological: N four topological sectors

e Quasiparticles fractionalized: “missing’ states

... cf. Ising™: [Schuler et al., PRL '16]

=

Unlversal flngerprlnts in flnlte size spectr

Gross-Neveu-SO(3) vs Gross-Neveu-SU(2): Lrg =g@ P(1 QL)Y
Spin-1 vs Spin-1/2

~New member of Gross—Neveu famlly -~ with 717 032..0.33, v & 1.2

... from 1/N and 4 — € expansion

[Seifert, Dong, Chulliparambil, Vojta, Tu, LJ, arXiv:2009.05051]
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Conclusions

Emergent phenomena in condensed matter:

] ]
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Conclusions

Emergent phenomena in condensed matter:
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Gross-Neveu-SU(2) universality class

FRG '14 -+ 4 [LJ & Herbut, PRB '14]

FRG'18 | * | | & | [KnowPREIY
£ exp '17 -II- +i [Zerf et al., PRD '17]

oo [ 4] [ 4] e
QMC 15 -|- | | : | | .—|—. | : | [Toldin et al., PRB '15]
QMC '16 | + | | - ! | [Otsuka, Yunoki, Sorella, PRX '16]
QMC '18 +: i :-I- i [Buividovich et al., PRB '18]

08 1.0 1.2 14 040.60.81.01.2
v My
Classical Heisenberg universality: v = 0.7112(5) n = 0.0375(5) (Campostrini et al., PRB '02]
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Ising™ vs Ising criticality

Ising™
3 @ P/P
-~ e o A/P(x2)
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