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Phases of ice
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Emergent phenomena
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Emergent phenomena
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Quantum physics: From microscopics ...
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Quantum physics: From microscopics ...
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... t0 macroscopics ...

Example: Superconductivity
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Macroscopic quantum phenomena
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Macroscopic quantum phenomena
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Macroscopic quantum phenomena
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Qubits ‘
Spin 1/2: //‘ Spin-split quantum dot:
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Density matrix:

Spin-split quantum dot:
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Density matrix:

Decoherence:

Spin-split quantum dot:
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Density matrix:

Decoherence:

Spin-split quantum dot:
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Wwantum dot:

a|0) + B[1)

1 0
(o) +5(3)
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Possible states of matter?

Symmetry classification:

X—r—%

Al

NN

Al
Al
Al

Ferromagnet

Spin:

SU(2) — U(1)

Effective excitations: Quasiparticles

VALAA

Spin: Magnons

24

Antiferromagnet

c [©
—9 ¢,
@' O_j‘ '; &

| attice: Phonons

Spin:

| attice:

SU(2) — U(1)
Ta — Tga



Possible states of matter?

Symmetry classification:

YRR FF Y
2 e e SRS ¥R N R spin su@) - u)
;\ ;\ \ s\ Pin. . ‘X X | attice: T, — 1I-,

R K% L

Ferromagnet omagnet

Effective excitations: Quasiparticlés e e

o

6 -:.'.':‘O o o

—o ¢

o_°. ¢ ¢

Spin: Magnons Lattice: Phonons

24



Ingredient #1: Topology

Topological insulator:

metallic

insulating

[Kane, Mele, PRL ’05]
[Konig et al., Science '07]
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Ingredient #1: Topology

Topological insulator:

metallic

insulating

Band inversion:
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Ingredient #1: Topology

Topological insulator:
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Ingredient #1: Topology

Topological insulator:
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Ingredient #2: Frustration

Antiferromagnetic interaction:

Hi; = JS,-ZSJ-Z J>0
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Antiferromagnetic interaction:
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Incompatible interactions
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New states of matter
with exotic excitations




Majorana fermions

Conventional fermions:
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Majorana fermions
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Majorana fermions
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Particle number:
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Majorana fermions
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1 f iC1 Co
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Kitaev quantum magnets

Hamiltonian:

=K > SiSf+)> SIS+ X 5757

(i)} (ij)y

[Kitaev, Ann. Phys. '06]
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Kitaev quantum magnets

Hamiltonian:

= —K > SiS5+)> S/SY+ X CHCH

(i)} (ij)y

Frustration:

[Kitaev, Ann. Phys. '06]




Kitaev quantum magnets

Hamiltonian:

H=—K|> SISf+» S/SV+> 5757
(i

(1)) x (ij)y

Majorana representation:

Sf — %bﬁ‘c;
y __ 1h Yy ~ —
z \h 1.z

Si — ?bl C;

Spin 4 Majoranas
with gauge constraint

[Kitaev, Ann. Phys. '06]
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Kitaev quantum magnets

Hamiltonian:

H=-K|S S5+ 578/ +3 5757 | = — KN (ibgb%)cic
(i)

(1)) x (ij)y

Majorana representation:

5S¢ =2bfc 0O
y __ 1h Yy ~ — . @
Sl-Z: %bizci

Spin 4 Majoranas
with gauge constraint

[Kitaev, Ann. Phys. '06]
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Kitaev quantum magnets

Hamiltonian:

Y — K z SXS¥+ z SYSY + z SiS7 | = iﬁZK Z(ib;"bf‘)c;cj with :0,-1-,73[_ =0
(i) (ij)y (ij) (il ™ |
— U,'J' — U,-J-

Majorana representation:

X lh 1. x .
Si —EbiC,
Y _ ihpy -
5: ——2b,c,

S-Z — %bizci

/

- @

Spin 4 Majoranas
with gauge constraint

[Kitaev, Ann. Phys. '06]
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Kitaev quantum spin liquid: Ground state
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Kitaev quantum spin liquid: Ground state

Majorana spectrum:

0

B =
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Kitaev quantum spin liquid: Ground state

Majorana spectrum:
B =

Fractionalized version of topological insulator

C — ... half-quantized thermal Hall response
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Kitaev quantum spin liquid: Excitations
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C — ... half-quantized thermal Hall response
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Kitaev quantum spin liquid: Excitations

Majorana spectrum: Braiding:
B =0 B >0
Y1 0 1\ (m
@ — T
i :> ‘ (72) (—1 O> (72> ... hon-Abelian anyons

C =
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Kitaev quantum spin liquid: Excitations

Majorana spectrum: Braiding:
B >0

B=0
Y1 0 1)\ (™
@ —
|:> (72) (_ 1 O> (72> ... hon-Abelian anyons
i -

C =

——> Fault-tolerant quantum computing

[Kitaev, Ann. Phys. '06]
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Emergent phenomena in quantum materials

Coherent quantum wave
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Crystal structure:

Credit: S. Wurmehl

[Balz et al., PRB "21]
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c(.-RuCI3

Crystal structure:

Credit: S. Wurmehl

[Balz et al., PRB "21]

Half-integer quantum Hall effect:
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[Kasahara et al., Nature '18]
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o.-RuCl3: Quantum phase diagram

Phase diagram: Sample dependence:
Kink in magnetostriction
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