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Abstract: Kitaev materials & spin-orbit assisted Mott insulators, in which local, spin-orbit entangled j=1/2 moments form that are subject to strong
bond-directional interactions &€ have attracted broad interest for their potential to realize spin liquids. Experimentally, a number of 4d and 5d
systems have been widely studied including the honeycomb materials Na2lrO3, 1+-Li21rO3, and RuCl3 as candidate spin liquid compounds &€
however, all of these materials magnetically order at sufficiently low temperatures. In this talk, | will discuss the physics of Kitaev materials that
plays out when applying magnetic fields. Experiments on RuCl3 indicate the formation of a chiral spin liquid that gives rise to an observed
guantized thermal Hall effect. Conceptually, this asks for a deeper understanding of the physics of the Kitaev model in tilted magnetic fields. | will
report on our recent numerical studies that give strong evidence for a Higgs transition from the well known Z2 topological spin liquid to a gapless
U(1) spin liquid with a spinon Fermi surface and put this into perspective of experimental studies.
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When do interesting things happen?

Some of the most intriguing phenomena in condensed matter
physics arise from the splitting of ‘accidental’ degeneracies.
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When do interesting things happen?

Some of the most intriguing phenomena in condensed matter
physics arise from the splitting of ‘accidental’ degeneracies.
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But they are also notoriously difficult to handle, due to

multiple energy scales

complex energy landscapes / slow equilibration

e strong coupling
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Example — frustrated magnets
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Example — quantum Hall liquids
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Example — twisted bilayer graphene

residual effects

electronic band structure with a flat band in twisted bilayer graphene
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Fractionalization

One often concurrent phenomenon in quantum many-body systems IS
the emergence of quasiparticles with fractional quantum numbers.
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Fractionalization

One often concurrent phenomenon in quantum many-body systems IS
the emergence of quasiparticles with fractional quantum numbers.
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Fractionalization

One often concurrent phenomenon in quantum many-body systems IS
the emergence of quasiparticles with fractional quantum numbers.
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spin-orbit materials




Spin-orbit coupling

Spin-orbit coupling 101 — quantum mechanics lecture
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Spin-orbit coupling

Spin-orbit coupling 101 — quantum mechanics lecture
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Spin-orbit coupling

Spin-orbit coupling 101 — quantum mechanics lecture

relativistic correction

. L . 0
AE ==l 8= =[j(] 1) —lll—1) ~ 5[5~ 1)]
h? 2
ZB ]2
Pk roc1/Z Ao Z°

—
Hmn;r"”

Page 15/55



Spin-orbit coupling in condensed matter
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Spin-orbit coupling in condensed matter

Pirsa: 19050018

77 8083

13 25 29 44
00 —0—0 7
H Li Mn Cu Ru Ir Hg Bi
A ox Z° ' l 5 50 g 67
S moderate SOC strong SOC
atomic : : unconventional SO-assisted topological
i multiferroics e e
structure superconductor Mott physics insulators
_ S_r IrO4 HgTe
TbMnO3 SroRuQOq NaalrzOs Bi-Sex
(Na,Li)2lrO3 3

SOC induced DM interaction
competes with magnetic exchange

SOC competes directly
with Hubbard physics

Page 17/55



4d/5d transition metal compounds

[ransition metal oxides with partially filled 4d/5d shells exhibit an intricate interplay of
spin-orbit coupling, electronic correlations, and crystal field effects
resulting in a broad variety of metallic and insulating states
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j=1/2 Mott insulators

most common
Iridium valence
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Why are these spin-orbit entangled j=1/2 Mott insulators interesting?
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spin-orbit entangled Mott insulators

Why are these spin-orbit entangled j=1/2 Mott insulators interesting?
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bond-directional exchange
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A A Al

corner-sharing edge-sharing
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Heisenberg-Kitaev exchange
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bond-directional exchange
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exchange frustration

H== M JS8 +KS5'S]
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exchange frustration

H = — E W 4 S,—S}- + K .S': S; classical Kitaev
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Kitaev materials — really?

NazlrO3 Li2lrO3 RuCla
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Spin liquids?!

Something interesting happens for RuCls in a magnetic field.
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guantum Hall 4.0

Something interesting happens for RuClz in a magnetic field.
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Kitaev spin liquids

magnetic field effects
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Kitaev spin liquids

magnetic field effects

Ciaran Hickey
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Kitaev model
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Kitaev model
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Kitaev model
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Kitaev spin liquids p% ’

szﬂss S0

~v—bonds

Kitaev spin liquids are textbook examples of Z2 spin liquids.

For strong magnetic fields, this picture no longer holds.
The Kitaev model exhibits a gauge transition to a U(1) spin liquid.
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Kitaev model — magnetic field effects

- Y ES?S] Zh S,

~v—bonds

Pirsa: 19050018 Page 34/55



Kitaev model — magnetic field effects

H=- ) [ES!s]-> h:S;
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Kitaev model — magnetic field effects
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Kitaev model — magnetic field effects
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Kitaev model — magnetic field effects
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Kitaev model — magnetic field effects
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Kitaev model — magnetic field effects
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Kitaev model — magnetic field effects
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' Kitaev model ~ magnetic field effects

H=- Y 855 - Y hHs; 0
v—bonds 1

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

0004 K

D'OQPDD 0.0

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

10.02 0.03 0.04 0.05 \
1IN el

The intermediate phase has the smallest finite-size 9ap ever seen|

E—

T

Page 43/55
Pirsa: 19050018



dynamical structure factor
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specific heat
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Kitaev unHiggsed!

Synopsis: for strong magnetic fields, the Kitaev model exhibits
a Higgs transition to a gapless U(1) spin liquid.
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Kitaev unHiggsed!

Synopsis: for strong magnetic fields, the Kitaev model exhibits
a Higgs transition to a gapless U(1) spin liquid.
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Kitaev unHiggsed!

Synopsis: for strong magnetic fields, the Kitaev model exhibits
a Higgs transition to a gapless U(1) spin liquid.
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Stability of U(1) spin liquid
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projective symmetry group (PSG)
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Microscopic relevance to RuCls
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Microscopic relevance to RuCls
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Higgsed U(1) spin liquid?
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Summary e ﬁ
L
H=-_ 5 kK 55 - 3§ S A

~v—bonds

Kitaev spin liquids are textbook examples of Z2 spin liquids.

For AFM Kitaev couplings and strong magnetic fields,
a Higgs transition to a gapless U(1) spin liquid occurs.

The U(1) spin liquid is probably the generic high-field phase, and
parent phase to the KSLs, but also all kinds of magnetic order.
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specific heat
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