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Motivation

■ Condensed matter physics 

- made of electrons and ions on lattices

- many-body quantum mechanics (N > 1023)

- Lots of materials



Current Paradigms 

■ Landau’s two influential works

1. interacting many particles ~ (independent particle)N

Landau’s Fermi liquid paradigm

ex) Many electrons ~ (electronic quasi-particle) N

Hardy et. al. (2013)

Theory of metals
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■ Landau’s two influential works

1. interacting many particles ~ (independent particle)N

Landau’s Fermi liquid paradigm

< meV

Energy

~ keV UV d.o.f : electrons 

IR d.o.f : electronic quasi-particles 



Current Paradigms 

■ Landau’s two influential works

1. interacting many particles ~ (independent particle)N

Landau’s Fermi liquid paradigm

UV d.o.f ≃ IR d.o.f



Current Paradigms 

■ Landau’s two influential works

2. Symmetries characterize many-body phases

Landau’s symmetry breaking transition paradigm

T
Tc



Current Paradigms 

■ Landau’s two influential works

2. Symmetries characterize many-body phases

Landau’s symmetry breaking transition paradigm

- order parameter : non-trivial rep. of a sym. group 

- scale invariance at continuous transitions (universality)



Current Paradigms 

■ Landau’s two influential works

2. Symmetries characterize many-body phases

Landau’s symmetry breaking transition paradigm

Z2 symmetry in 2d

: Onsager’s exact solution 



Current Paradigms 

■ Landau’s two influential works

2. Symmetries characterize many-body phases

Landau’s symmetry breaking transition paradigm

Z2 symmetry breaking transitions  

- Specific heat anomaly : jump or divergent

- Order parameter : sub-linear onset 

https://www.researchgate.net/publication/228375244_

Closed_Forms_What_They_Are_and_Why_We_Care



Current Paradigms 

Perfect match between theory and experiment

J. Phys. Soc. Jpn.
Downloaded from journals.jps.jp by Korea Adv Inst of Sci &  Tech on 03/18/19



Landau Paradigms

■ Triumph of 20th century condensed matter physics  

Renormalization group 

: Kadanoff, Ginzburg, Wilson, Fisher,…



Phenomena beyond Landau paradigms

■ Strongly correlated quantum materials 

YB2Cu3O7 𝛼-RuCl3

Images from Google

Twisted bi-layer 

graphene

Many more …
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Phenomena beyond Landau paradigms

■ Strongly correlated quantum materials 

YB2Cu3O7

“E
ven bouncers in New York City night-
clubs were aware of our notor iety,” 
says Paul Grant, thinking back to the 
1987 M arch meeting of the American 

Physical Society (APS). 
The hype had been building for months, 

as newspapers, magazines and morning tele-
vision talk shows heralded jaw-dropping 
announcements from physics labs. A  techno-
logical revolution seemed at hand, promising 
an era of levitating trains, coin-sized comput-
ers and power lines that could span continents 
without losing energy. W hen the meeting 
finally convened, says Grant, a physicist at the 
energy consulting firm W 2AGZ Technolo-
gies in San Jose, California, anyone with an 
APS badge who arr ived at a trendy club aptly 
named ‘The Limelight’ was ushered straight to 
the front of the queue. 

Yet the public’s excitement was nothing com-
pared with the eager frenzy of the physicists. On 
the evening of Wednesday 18 M arch, more than 
1,800 APS attendees squeezed into a ballroom at 
the New York City Hilton (while another 2,000 
milled outside) to watch a marathon set of pres-
entations that lasted more than 7 hours. At the 
sometimes-raucous symposium — dubbed the 
‘Woodstock of physics’ — researchers devoured 
the latest findings on what was easily the most 
astonishing discovery their field had seen in a 
generation: materials that became supercon-
ductors at high temperatures.

‘H igh-temperature’ was a relative term: even 
the best of the materials would not transition to 
become superconducting — having no resist-
ance to an electric current — until it was chilled 
below 93 K (roughly 200 °C below room tem-
perature). But that was nearly four times higher 
than the transition temperature of any previ-
ously observed superconducting material, and 
shattered what had once seemed to be a solid 
theoretical upper limit of 30 K. Everyone in the 

BY ADAM MANN

STILL IN 
SUSPENSE

A quarter of a century after the discovery of 
high-temperature superconductivity, there 

is still heated debate about how it works.

1911 1957 1986
A century of superconductivity 

Heike Kamerlingh Onnes (seated centre front) 

and his colleagues discover superconductivity. 

He receives the Nobel prize in 1913. 

John Bardeen, Leon Cooper and Robert Schrieffer 

(left to right) publish a theory of superconductivity 

that predicts a maximum transition temperature of 

30 K. They are awarded the Nobel prize in 1972.

Georg Bednorz (left) and Alex Müller find 

a copper oxide material that becomes 

superconducting at 35 K. 
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A sample of a high-temperature superconductor 

hovers in a magnetic field.

2 8 0  | N A T U R E  | V O L  4 7 5  | 2 1  J U L Y  2 0 11
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High Tc Superconductivity
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■ Strongly correlated quantum materials 
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High Tc Superconductivity

< meV

Energy

~ keV

IR physics  

- Mysterious

phenomena

UV physics  

- Electrons / 

spins/ ions 

on lattices

- (ex : DFT)
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Phenomena beyond Landau paradigms

■ Strongly correlated quantum materials 

~ meV

Energy

~ keV

IR physics  

UV physics  

New physics?

Ex ) Majorana fermions? 

emergent photons? SUSY?…



Phenomena beyond Landau paradigms

■ Strongly correlated quantum materials 

~ meV

Energy

~ keV

IR physics  

UV physics  

New ideas! 

J. Zannen, Nature (2007)



Phenomena beyond Landau paradigms

Anyons in an exactly solved model and beyond

Alexei K itaev *

California Institute of Technology, Pasadena, CA 91125, USA

Received 21 October 2005; accepted 25 October 2005

Abstract

A spin-1/2 system on a honeycomb lattice is studied. The interactions between nearest neighbors
areof XX , YY or ZZ type, depending on thedirection of the link; different typesof interactions may
differ in strength. The model is solved exactly by a reduction to free fermions in a static Z2 gauge
field. A phase diagram in the parameter space is obtained. One of the phases has an energy gap
and carries excitations that are Abelian anyons. The other phase is gapless, but acquires a gap in
the presence of magnetic field. In the latter case excitations are non-Abelian anyons whose braiding
rulescoincide with thoseof conformal blocks for the Ising model. Wealso consider a general theory
of free fermions with a gapped spectrum, which is characterized by a spectral Chern number m. The
Abelian and non-Abelian phasesof theoriginal model correspond to m= 0 and m= ±1, respectively.
The anyonic properties of excitation depend on mmod 16, whereas mitself governs edge thermal
transport. The paper also provides mathematical background on anyons as well as an elementary
theory of Chern number for quasidiagonal matrices.
Ó 2005 Elsevier Inc. A ll rights reserved.

1. Comments to the contents: what is this paper about?

Certainly, the main result of the paper is an exact solution of a particular two-dimen-
sional quantum model. However, I wassitting on that result for too long, trying to perfect
it, derivesomepropertiesof themodel, and put them into a moregeneral framework. Thus
many ramifications havecome along. Someof them stem from the desire to avoid theuse
of conformal field theory, which is more relevant to edge excitations rather than the bulk

0003-4916/$ -see front matter Ó 2005 Elsevier Inc. All rights reserved.

doi:10.1016/j.aop.2005.10.005

* Fax: +1 626 5682764.
E-mail address: kitaev@iqi.caltech.edu.

Annals of Physics 321 (2006) 2–111

www.elsevier.com/locate/aop

K

■ ∃ deconfined phases in quantum materials 

ex) Kitaev’s spin model: 
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Kitaev representation 

: spin ~ four Majorana fermions

K

■ ∃ deconfined phases in quantum materials 

ex) Kitaev’s spin model: 
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■ ∃ deconfined phases in quantum materials 

ex) Kitaev’s spin model: 

Phenomena beyond Landau paradigms

Quantum 

spins

Majorana 

Fermions

+

Z2 gauge

Microscopic 

degrees of freedom

(UV d.o.f)

Low energy 

degrees of freedom

(IR d.o.f)

Quarks / Strings Mesons / Baryonscf )

exact mapping

UV d.o.f ≠  IR d.o.f



■ ∃ deconfined phases in quantum materials 

ex) Kitaev’s spin model: 

Phenomena beyond Landau paradigms

Quantum 

spins

Majorana 

Fermions

+

Z2 gauge

exact mapping

Majorana fermions are deconfined.



■ ∃ deconfined phases in quantum materials 

ex) Kitaev’s spin model: 

Phenomena beyond Landau paradigms

Quantum 

spins

Majorana 

Fermions

+

Z2 gauge

exact mapping

Majorana fermions are deconfined.

(= spins are fractionalized.) 



■ ∃ deconfined phases in quantum materials 

ex) Kitaev’s spin model: 

Phenomena beyond Landau paradigms

Quantum 

spins

Majorana 

Fermions

+

Z2 gauge

exact mapping

c      : mobile (dispersive)

bx,y,z : immobile (flat band)

C. Symmet r ies of the K itaev Hamiltonian

I I . PA RT ON M EA N -FI ELD T HEORY FOR K H Γ M ODEL

The augmented parton theory presented here is an extension of the static parton MFT,

so that it compasses fluctuations around the mean field. Fluctuations incorporate not only

the amplitude fluctuations, but the Z2 gauge fluctuations.

A . T he Hamiltonian of K H Γ M odel

In accordance with experiments on candidate QSL materials, the Heisenberg perturba-

tions and the pseudodipolar perturbations are usually associated with the original K itaev

model. The KHΓ Hamiltonian reads

H =
X

hi j i ↵

8
<

:
K S↵i S↵j + J

X

β

S
β
i S

β
j + Γ

X

β̄6= β6= ↵

S
β
i S

β̄
j

9
=

;
(36)

We employ a representation of the spin operator in terms of four Majorana fermions,

following the original work of K itaev,

Within the augmented parton mean-field formalism, the Hamilonian in Eq. 36 is decou-

7

Thanks to J. Seong
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Deconfined (fractionalized) phase 

with Majorana fermions

➔

Beyond Landau paradigms



■ Discovery of new degrees of freedom 

New Experiments



■ Exotic thermal phase transition 

ex) Hidden order transition in URu2Si2

Large specific heat jump 

but no (obvious) order-parameter

Phenomena beyond Landau paradigm



■ Exotic thermal phase transition 
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■ Exotic thermal phase transition 

ex) Nematic transition at pseudogap T (cuprates)

- nematicy from C4 symmetry : Z2 symmetry

Phenomena beyond Landau paradigm

Symmetric Symmetry broken



Phenomena beyond Landau paradigm



Phenomena beyond Landau paradigm



Phenomena beyond Landau paradigm

nematicity in cupratesIsing class 

Super-linear onset

No discernable C(T) anomaly



■ Exotic thermal phase transition 

ex) Diagonal nematicity in RbFe2As2

40

30

20
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0

C
p
 (

J
 /

 K
 m

o
l)

50403020100
T (K)

Phenomena beyond Landau paradigm

Shibauchi group (arXiv:1812.05267)

Susceptibility kink

No discernable C(T) anomaly



■ Intriguing phenomena in quantum materials

ex1) Kitaev quantum spin liquid

ex2) Hidden order transition in URu2Si2

ex3) Nematic transition at pseudogap temp. of cuprates

ex4) Diagonal nematicity in RbFe2As2

……

Phenomena beyond Landau paradigm

New theory? New physics?
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Theoretical Set-up I

■ Schematic Phase diagram

Quantum 

spins

Majorana

Fermions

Deconfined A Confined

(=conventional)

r

Q) possible phases? 

constraints? 

anomalies?   

dualities? 



Theoretical Set-up I

■ Schematic Phase diagram 

Quantum 

spins

Majorana

Fermions

Deconfined A

r

Quantum spin liquid
: massive entanglement

Magnetic ordering
: minimal entanglement

Confined

(=conventional)



Theoretical Set-up I

Quantum 

spins

Majorana

Fermions

Quantum

phase transition

r

Deconfined B

Majorana

Fermions

u

Deconfined A Confined

(=conventional)

■ Schematic Phase diagram 

Q) natures of QPTs? 

gauge theories?

concepts of symmetry?

….



Theoretical Set-up I

Quantum 

spins

Majorana

Fermions

r

Deconfined B

Majorana

Fermions

u

Deconfined A

How to distinguish A and B?

Topological

phase transition

Confined

(=conventional)

■ Schematic Phase diagram 
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Theoretical Set-up I

Quantum 

spins

Majorana

Fermions

r

Deconfined B

Majorana

Fermions

u

Deconfined A

Topological

phase transition

Go, Jung, and Moon, arXiv:1808.09457 (PRL in press)

Confined

(=conventional)

■ Schematic Phase diagram 
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Quantum 

Spin Ice
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Non FL

confined
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Deconfined B

Quantum 

Spin Ice

+

FL
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Deconfined A

Quantum

phase transition

■ Schematic Phase diagram 
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All-in All-out

Quantum 

Spin Ice

+

Non FL

confined
r

Deconfined B

Quantum 

Spin Ice

+

FL

u

Deconfined A

Quantum

phase transition

Emergent photons and 

monopoles 

■ Schematic Phase diagram 



Theoretical Set-up I

Quantum 

Spin Ice

+

Non FL

confined
r

Deconfined B

Quantum 

Spin Ice

+

FL

u

Deconfined A

Quantum

phase transition

Oh, Lee, Kim, and Moon, arXiv:1811.00021 (PRL in press)

All-in All-out
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Summary of results

■ Existence of a thermal deconfinement transition in 2d

■ New universality class of sym. breaking transitions

- c=1 Z2 sym. breaking transition in 2d

- Z2 and U(1) sym. breaking transitions in 3d deconfined

phases are in the same universality class
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T*

T/g

Symmetry broken

h/g

Tc

Deconfined

DC-ZN class Confined

T*T/g

deconfined confined

Deconfined

Sym. broken
r/g

Tc
W-F class

W-F class

Sym. broken

Deconfined Confined

FIG. 4. Scenarios of symmetry breaking transitions associ-
ated with deconfined phases. (Left) T he phase transition be-
tween a conventional symmetry broken phase to a deconfined
phase is illustrated. (Right) Symmetry breaking transitions
and deconfinement transitions are decoupled. In a symmetry
broken phase, deconfined excitations may (right) or may not
(left) exist.

Scenar ios of symmet r y br eak ing t r ansit ions
associat ed wit h deconfined phases and extension to

lar ger gauge groups

In themain-text, wediscusstheunconventional univer-
sality classes(DC-ZN or DC-U(1)) of symmetry breaking
transitions at non-zero temperatures. There are other
possibilities to realize thermal phase transitions and we
introduce them in this section.

First, the transition connects a symmetricbroken con-

ventional phasetoa deconfined phaseboth thermally and
quantum-mechanically. There is no topological structure
in a symmetry broken phase, and the deconfined phase
contain thesymmetry broken phase. Only 4⇡ vortex pro-
liferation is important. Second, theconventional Wilson-
Fisher universality class may be possible if a symmetry
broken phase contains deconfined excitations. The order
parameter is gauge-neutral, and its condensation does
not alter the gauge sector. All the symmetry breaking
transitions are in the Wilson-Fisher universality class.

It is straightforward to generalize our discussion for
ZM gauge groups. The model Hamiltonian with global
ZN symmetry and ZM gauge symmetry is

H = − t
X

hi ,j i

(µi j ei
✓i − ✓j

M + h.c.) − u
X

i

cos(N✓i ) + gVF ({µi j } ),

where a ZM gauge field µi j is introduced. VF describes
a gauge flux energy term. In 3d, the confinement-
deconfinement transition exists, so we can focus on the
deconfined phase by taking the limit g T, t, u. Us-
ing the similar analysis of the Z2 lattice gauge struc-
ture, the order parameter becomes higher order powers
(ei✓i = (ei✓i / M )M ), which give the critical exponents,
βM ,

β3 = 1.42, β4 = 2.09, (13)

[39]and thustheorder parametersmay show super-linear
onsets below critical temperatures. Note that the Z2

gauge structure critical exponent is β2 = 0.83. Other
critical exponentsareeasily determined by using thescal-

DC-U(1) in 3d ↵ β γ ⌫ ⌘ δ

Z2 gauge − 0.015 0.83 0.35 0.67 1.47 1.43
Z3 gauge − 0.015 1.42 − 0.83 0.67 3.23 0.42
Z4 gauge − 0.015 2.09 − 2.17 0.67 5.22 − 0.04

TABLE I I . Universality classes in 3d with di↵erent gauge
groups. The ZN potentials are irrelevant in every class. The
notations are the same as in the main-text.

Tc

Φ

T

FIG. 5. Di↵erent onsets of Z2 order parameters associated
with di↵erent gauge structures. The dotted black line is for
the Ising universality class under the Landau paradigm with
βI s i n g = 0.33. The red, blue, green lines are for DC-Z2 with
Z2, Z3, Z4 gaugestructureswhosecrit ical exponentsareβ2 =
0.83, β3 = 1.42, and β4 = 2.09, respectively.

ing relationswith ↵M = − 0.015 as shown in Table . The
larger gauge structure is associated with the suppression
of higher order vortices, and more detailed analysis will
be presented in future works.

I mplicat ions to the hidden order phase in U R u2Si2

Our deconfined thermal transitions in metals do not
require any broken symmetries though specific heat ex-
periments show singular temperature dependences such
as continuous dual Ising or discontinuous transitions. It
is tempting to apply our theories to mysterious hidden
order transitionsof URu2Si2, which hasbeen investigated
by a number of the proposed theories. In contrast to the
previous theories, our transitions are intr insically inde-
pendent of symmetries, and therefore it is impossible to
measurewith experimental probesof broken symmetries.
Note that some recent experiments, on the other hand,
report rotational symmetry breaking from the tetragonal
symmetry down to the orthorhombic one in URu2Si2 at
the hidden order temperature.

Wepropose thepresenceof the two transitions, a sym-
metric deconfined transition at the hidden order temper-
ature and the rotational symmetry breaking transition
at lower temperature, to explain the rotational symme-
try breaking. The pattern of the rotational symmetry
breaking is in the Z2 class from the tetragonal symme-
try to the orthorhombic one, so we can use the enlarged
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■ Symmetry and order parameter 

ZN sym.  = U(1) sym. + ZN Potential

- Landau functional : ZN clock model 

- order parameter

- field theory 

(Wilson-Fisher)
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■ Kosterlitz-Thouless transition

No vortex 2π vortex - antivortex 4π vortex - antivortex
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Review of Landau Paradigm

■ Ising transition

T

Symmetry breaking transition =  2π domain proliferation

Wilson-Fisher universality class
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List of Known Facts

■ ∃ thermal deconfinement transition  

Z2 gauge transformation   

Wegner : ∃ thermal transition in 3d 

Polyakov, Kogut, … : no thermal transition in 2d 

Fradkin and Shenker : Higgs = Confinement (fund.) 



The Wegner model

■ Z2 lattice gauge theory

Z2 gauge transformation 

Wilson-loop operator  



The Wegner model

■ Kramers-Wannier duality transformation in 3d  

dual to the 3d Ising model.



The Wegner model

■ Kramers-Wannier duality transformation in 3d  

dual to the 3d Ising model.

No symmetry change / topological transition



The Wegner model

■ Topological defects 
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The Wegner model

■ Topological defects 

-1 -1 -1 -1

flux-line in 3d fluxes in 2d

Transition at Tc ~ g no transition



The Wegner model

■ Gauge fixing in 2d 

The Wegner model becomes

⟹ decoupled spin chains

⟹ No thermal transition!

1 1 1

1 1 1



Facts

■ ∄ thermal transition in 1d Ising spin-chain (text-book)

■ ∃ thermal transition in 1d Dyson-Ising spin-chain 

Dyson, CMP 12, 91 (1969)

no singular point
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■ ∃ thermal transition in 1d Dyson-Ising spin-chain 

Dyson, CMP 12, 91 (1969)

no singular point



New model 

■ Spin Hamiltonian with long range interaction

Decoupled Dyson-Ising spin chains

⟹ ∃ thermal transition

⟹ ∃ thermal transition in 2d!



Perimeter Law 

■ Spin Hamiltonian with long range interaction

T/ Jr



Perimeter Law 

■ Spin Hamiltonian with long range interaction

T/ Jr

1 1 1

1 1 1

1 1 1



Discussion

■ Thermal transition in 2d exists!

Strongly interacting flux models

Spatial symmetry is broken (x-dir)

Would be great to find a simpler model



Discussion

■ Flux Hamiltonian with long range interaction



Discussion

■ Flux Hamiltonian with long range interaction

Ground state : flux-free state

Excited state : two-flux state

⟹ KT-type free energy
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■ Schematic Phase diagram 
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Univ. Class 1 : order parameter

Univ. Class X : order parameter + gauge structure  
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■ Schematic Phase diagram 
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Theoretical Set-up

■ Schematic Phase diagram (with symmetry)

Univ. class X ≟Wilson-Fisher
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■ Z2 global symmetry with Z2 gauge field 

Symmetry Breaking Transitions in Deconfined Phases

- Gauge transformation :

cf :



■ Z2 global symmetry with Z2 gauge field 

Symmetry Breaking Transitions in Deconfined Phases

- Confinement limit (g ≪ T, J, u)

: Z2 gauge fields are averaged away.

: Landau functional is restored.  
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Symmetry Breaking Transitions in Deconfined Phases

- Confinement limit (g ≪ T, J, u)

: Z2 gauge fields are averaged away.

: Landau functional is restored.  

Symmetry breaking ~  2π vortex proliferation



■ Z2 global symmetry with Z2 gauge field 

Symmetry Breaking Transitions in Deconfined Phases

- Deconfinement limit (g ≫ T, J, u)

: Z2 gauge fluxes (fields) are frozen (𝜎=+1).



■ Z2 global symmetry with Z2 gauge field 

Symmetry Breaking Transitions in Deconfined Phases

- Deconfinement limit (g ≫ T, J, u)

: Z2 gauge fluxes (fields) are frozen (𝜎=+1).

Symmetry breaking ~  4π vortex proliferation



Deconfinement Limit

Introduce the half-angle variable

Z2N clock model : order para. = secondary operator  

In 3d, Z4 anisotropy term is irrelevant.  

Hasenbusch and Vicari, PRB 84, 125136 (2011)



Discussion

■ New universality class is obtained.

An order para. is a secondary operator.

α <0 : Harris criteria applies (stable under disorder!)

Quantum-classical mapping : frustrated magnetism
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FIG. 4. Scenarios of symmetry breaking transitions associ-
ated with deconfined phases. (Left) T he phase transition be-
tween a conventional symmetry broken phase to a deconfined
phase is illustrated. (Right) Symmetry breaking transitions
and deconfinement transitions are decoupled. In a symmetry
broken phase, deconfined excitations may (right) or may not
(left) exist.

Scenar ios of symmet r y br eak ing t r ansit ions
associat ed wit h deconfined phases and extension to

lar ger gauge groups

In themain-text, wediscusstheunconventional univer-
sality classes(DC-ZN or DC-U(1)) of symmetry breaking
transitions at non-zero temperatures. There are other
possibilities to realize thermal phase transitions and we
introduce them in this section.

First, the transition connects a symmetricbroken con-

ventional phasetoa deconfined phaseboth thermally and
quantum-mechanically. There is no topological structure
in a symmetry broken phase, and the deconfined phase
contain thesymmetry broken phase. Only 4⇡ vortex pro-
liferation is important. Second, theconventional Wilson-
Fisher universality class may be possible if a symmetry
broken phase contains deconfined excitations. The order
parameter is gauge-neutral, and its condensation does
not alter the gauge sector. All the symmetry breaking
transitions are in the Wilson-Fisher universality class.

It is straightforward to generalize our discussion for
ZM gauge groups. The model Hamiltonian with global
ZN symmetry and ZM gauge symmetry is

H = − t
X

hi ,j i

(µi j ei
✓i − ✓j

M + h.c.) − u
X

i

cos(N✓i ) + gVF ({µi j } ),

where a ZM gauge field µi j is introduced. VF describes
a gauge flux energy term. In 3d, the confinement-
deconfinement transition exists, so we can focus on the
deconfined phase by taking the limit g T, t, u. Us-
ing the similar analysis of the Z2 lattice gauge struc-
ture, the order parameter becomes higher order powers
(ei✓i = (ei✓i / M )M ), which give the critical exponents,
βM ,

β3 = 1.42, β4 = 2.09, (13)

[39]and thustheorder parametersmay show super-linear
onsets below critical temperatures. Note that the Z2

gauge structure critical exponent is β2 = 0.83. Other
critical exponentsareeasily determined by using thescal-

DC-U(1) in 3d ↵ β γ ⌫ ⌘ δ

Z2 gauge − 0.015 0.83 0.35 0.67 1.47 1.43

Z3 gauge − 0.015 1.42 − 0.83 0.67 3.23 0.42
Z4 gauge − 0.015 2.09 − 2.17 0.67 5.22 − 0.04

TABLE I I . Universality classes in 3d with di↵erent gauge
groups. The ZN potentials are irrelevant in every class. The
notations are the same as in the main-text.

Tc

Φ

T

FIG. 5. Di↵erent onsets of Z2 order parameters associated
with di↵erent gauge structures. The dotted black line is for
the Ising universality class under the Landau paradigm with
βI s i n g = 0.33. The red, blue, green lines are for DC-Z2 with
Z2, Z3, Z4 gaugestructureswhosecrit ical exponentsareβ2 =
0.83, β3 = 1.42, and β4 = 2.09, respectively.

ing relationswith ↵M = − 0.015 as shown in Table . The
larger gauge structure is associated with the suppression
of higher order vortices, and more detailed analysis will
be presented in future works.

I mplicat ions to the hidden order phase in U R u2Si2

Our deconfined thermal transitions in metals do not
require any broken symmetries though specific heat ex-
periments show singular temperature dependences such
as continuous dual Ising or discontinuous transitions. It
is tempting to apply our theories to mysterious hidden
order transitionsof URu2Si2, which hasbeen investigated
by a number of the proposed theories. In contrast to the
previous theories, our transitions are intr insically inde-
pendent of symmetries, and therefore it is impossible to
measurewith experimental probesof broken symmetries.
Note that some recent experiments, on the other hand,
report rotational symmetry breaking from the tetragonal
symmetry down to the orthorhombic one in URu2Si2 at
the hidden order temperature.

Wepropose thepresenceof the two transitions, a sym-
metric deconfined transition at the hidden order temper-
ature and the rotational symmetry breaking transition
at lower temperature, to explain the rotational symme-
try breaking. The pattern of the rotational symmetry
breaking is in the Z2 class from the tetragonal symme-
try to the orthorhombic one, so we can use the enlarged



■ Schematic Phase diagram (with symmetry)

Symmetry Breaking Transitions in Deconfined Phases

5

FIG. 2. (a) Schematicphasediagram associated with a decon-
fined thermal phase in 3d. The two dimensionless parameters
T/ g and h/ g are introduces, which characterize temperature
and quantum fluctuations, respectively. Phase transition be-
tween confined and deconfined metals at T⇤without breaking
any symmetries. T he thin black line of a symmetry breaking
transition is associated with the conventional W ilson-Fisher
universality class. T he thick black line is associated with
our exotic universality class, DC-ZN /U(1). T he inset is for
a phase diagram without breaking symmetries. (b) Specific
heat Cv (T ) = aT + Csi n g (T ) associated with the deconfined
thermal phase. The two transitionsat T = Tc and T = T⇤are
associated with a symmetry breaking and flux-line prolifera-
tion. Theconstant a is for background metallic contributions.
T he inset is for dCv / dT , and it is obvious that the singularity
of the transition at Tc is weaker than the one of T⇤. (c) Spe-
cific heat Cv (T ) = aT + Csi n g (T ) around a conventional Z2

symmetry breaking transition without the deconfined ther-
mal phase. (d) The order parameter (hΦi ) onsets below Tc.
We find β = 0.83 for the DC-ZN /U(1) classes. The conven-
tional Z2 and U(1) classes have βZ 2 = 0.33 and βU (1) = 0.35
respectively.

other hand, DC-Z2 hasthenegativevalueof ↵, sospecific
heat anomaly is less significant in experiments. More-
over, the order parameter onset is much slower below Tc

asmanifested in βM . One non-trivial consequence of our
new universality class is that specific heat shows a big-
ger anomaly at higher temperature, T⇤, which may be
considered as a “hidden order” transition. Our results
provide one explanation of hidden order transitions in
the absence of broken symmetries. For example, one re-
cent experiment in a naturally hetero-structured system,
Sr2VO3FeAs [44], reported a thermal phase transition
without breaking any symmetries.

Note that the recently proposed K itaev materials [6]
may be a promising platform since the low temperature
state isalready thedeconfined quantum spin liquidswith
Majorana excitations [45]. We believe symmetry break-
ing phenomena in K itaev materials may show unconven-
tional behaviors.

In conclusion, deconfined thermal phasetransitionsare
demonstrated. Weprovetheexistenceof a thermal phase
transition in 2d with Z2 gauge fields and thermal phase
transitions between conventional and deconfined metals
are illustrated. Unconventional symmetry breaking tran-
sitions in deconfined phases are also presented. Namely,
the Z2 and U(1) symmetry breaking transitions in 3d
are in the same universality classwhich is impossible un-
der the LGW paradigm. Our results may be generalized
and applied to other topological phases such as exotic
phases with fracton excitations. Future studies on nu-
merical tests incorporating quantum fluctuations of the
Z2 gauge fields would be useful, and detailed studies on
relations with microscopic models and experiments such
asdoped K itaev materials and heavy fermionsarehighly
desired.
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■ New universality class is obtained.

Z2 sym. breaking transition = Z4 clock model (c=1).



New Universality Class in 2d

■ New universality class is obtained.

Z2 sym. breaking transition = Z4 clock model (c=1).

CFT with c=1 (similar to KT)

Super-linear onset!



Discussion

Fitting parameters : 
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Conclusion

■ Strongly correlated quantum materials 

YB2Cu3O7 𝛼-RuCl3
Twisted bi-layer 

graphene

“E
ven bouncers in New York City night-
clubs were aware of our notor iety,” 
says Paul Grant, thinking back to the 
1987 M arch meeting of the American 

Physical Society (APS). 
The hype had been building for months, 

as newspapers, magazines and morning tele-
vision talk shows heralded jaw-dropping 
announcements from physics labs. A  techno-
logical revolution seemed at hand, promising 
an era of levitating trains, coin-sized comput-
ers and power lines that could span continents 
without losing energy. W hen the meeting 
finally convened, says Grant, a physicist at the 
energy consulting firm W 2AGZ Technolo-
gies in San Jose, California, anyone with an 
APS badge who arr ived at a trendy club aptly 
named ‘The Limelight’ was ushered straight to 
the front of the queue. 

Yet the public’s excitement was nothing com-
pared with the eager frenzy of the physicists. On 
the evening of Wednesday 18 M arch, more than 
1,800 APS attendees squeezed into a ballroom at 
the New York City Hilton (while another 2,000 
milled outside) to watch a marathon set of pres-
entations that lasted more than 7 hours. At the 
sometimes-raucous symposium — dubbed the 
‘Woodstock of physics’ — researchers devoured 
the latest findings on what was easily the most 
astonishing discovery their field had seen in a 
generation: materials that became supercon-
ductors at high temperatures.

‘H igh-temperature’ was a relative term: even 
the best of the materials would not transition to 
become superconducting — having no resist-
ance to an electric current — until it was chilled 
below 93 K (roughly 200 °C below room tem-
perature). But that was nearly four times higher 
than the transition temperature of any previ-
ously observed superconducting material, and 
shattered what had once seemed to be a solid 
theoretical upper limit of 30 K. Everyone in the 

BY ADAM MANN

STILL IN 
SUSPENSE

A quarter of a century after the discovery of 
high-temperature superconductivity, there 

is still heated debate about how it works.

1911 1957 1986
A century of superconductivity 

Heike Kamerlingh Onnes (seated centre front) 

and his colleagues discover superconductivity. 

He receives the Nobel prize in 1913. 

John Bardeen, Leon Cooper and Robert Schrieffer 

(left to right) publish a theory of superconductivity 

that predicts a maximum transition temperature of 

30 K. They are awarded the Nobel prize in 1972.

Georg Bednorz (left) and Alex Müller find 

a copper oxide material that becomes 

superconducting at 35 K. 
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Conclusion

■ Strongly correlated quantum materials 

■ Phenomena beyond Landau paradigms  

■ Platform for new physics!

Landau Beyond Landau

UV d.o.f ≃ IR d.o.f UV d.o.f. ≠ IR d.o.f

Wilson-Fisher class Universality class X



Thank you for your attention! 



■ Excitations 

- Flux (vison) pair

- 2π vortex of order parameter

- 4π vortex of order parameter

…
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■ Two limits 

- Confinement limit (g ≪ T, J, u)  
: gauge contributions are averaged away

- Deconfinement limit (g ≫ T, J, u)
: gauge fluxes are frozen. (F =+1, 𝜎=+1)
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■ Two limits 

- Confinement limit (g ≪ T, J, u)  

Symmetry breaking ~  2π vortex proliferation

- Deconfinement limit (g ≫ T, J, u)

Symmetry breaking ~  4π vortex proliferation

Symmetry Breaking Transitions in Deconfined Phases


