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Motivation

m Condensed matter physics

- made of electrons and ions on lattices

- many-body quantum mechanics (N > 10%)

- Lots of materials



Current Paradigms

m Landau’s two influential works

1. interacting many patrticles ~ (independent particle)V

Landau’s Fermi liquid paradigm

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

1 1
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Theory of metals 2

p(T) = po + AT? I St

Hardy et. al. (2013)
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Current Paradigms

m Landau’s two influential works

1. interacting many patrticles ~ (independent particle)V
Landau’s Fermi liquid paradigm
A

Energy

~ keV UV d.o.f: electrons

< meV IR d.o.f : electronic quasi-particles




Current Paradigms

m Landau’s two influential works

1. interacting many patrticles ~ (independent particle)V

Landau’s Fermi liquid paradigm

UV dof=IRd.of



Current Paradigms

m Landau’s two influential works

2. Symmetries characterize many-body phases

Landau’s symmetry breaking transition paradigm
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Current Paradigms

m 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)
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Current Paradigms

m Landau’s two influential works

2. Symmetries characterize many-body phases
Landau’s symmetry breaking transition paradigm

14+n

C o~ [t (D) ~ [t x ~ |77, 67 ~ |t [@] = — (D) ~ B1/8
Z, symmetry in 2d al B~ |n]|v
: Onsager’s exact solution d&=2 [0 2] T[15] L1

Univ. class in 3d| « B | v | v n )

Z5 (Ising) [33] | 0.11 ]0.33[1.24]0.63]0.036]4.79
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Mean-field 0 05 1 [0.5 0 3




Current Paradigms

m Landau’s two influential works

2. Symmetries characterize many-body phases
Landau’s symmetry breaking transition paradigm

— . _ y 1_|_77
C ~ [t (@)~ [t X~ [, 670~ 18], (@] = — = (@) ~ BY°

Z, symmetry breaking transitions
- Specific heat anomaly : jump or divergent

- Order parameter : sub-linear onset

2

[}
https://www.researchgate.net/publication/228375244
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EXPCRIMENT

530 TWO-DIMENSIONAL

[,

two—d%%bénsiona] nature of spin correlations examined
in thisymaterial:de-extinction effects were found
after inspection of the (100)y and (300}, reflection:
and of the agreement of twelve measured nuclear
integrated intensities with the calculated ones. The
sublattice magnetization normalized with the
extrapolated intétsity at 0 K is plotted in Figs. 1 and
2. Figure 1 shows'Hat/both the (100} and (300),
normatized intensities, corrected for background
contributions, fall on:the mame curve. Figure 2 shows
that the magnetization of K, CoF, obeys Onsager 5
formula® for The 2D 5 = ¥ Ismgemodel e

Perfect match between theory and experiment

of the sublattice magnetization and s.pin corre.
LI fanetion, from Wwhich Sritical: dx'bdnqrstq g, v,
were obtained by the least-squares fitfing proc

o, Highgualitysingld:oryktaly wekbfprepured
CoCl, + 4KF and a small amount
Hdish violet transparent single cry



Landau Paradigms

m Triumph of 20t century condensed matter physics
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Phenomena beyond Landau paradigms

m Strongly correlated guantum materials
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m Strongly correlated guantum materials

Energy

~ keV

YB,Cu;0;,

< meV

Mann, Nature 2011

High Tc Superconductivity



Phenomena beyond Landau paradigms

m Strongly correlated guantum materials

Energy

UV physics

- Electrons /
spins/ ions
on lattices

- (ex:DFT)

~ keV

YB,Cu;0;,

IR physics
- Mysterious < meV
Mann, Nature 2011 phenomena

High Tc Superconductivity
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Phenomena beyond Landau paradigms

m Strongly correlated guantum materials

Energy

A

~ keV

~ meV

UV physics

IR physics

New physics?
Ex ) Majorana fermions?
emergent photons? SUSY?...



Phenomena beyond Landau paradigms

m Strongly correlated guantum materials

E A :
ey UV physics

~ keV

IR physics

~ meV New ideas!

J Zannen, Nature (2007)



Phenomena beyond Landau paradigms

m 1 deconfined phases in quantum materials

ex) Kitaev’s spin model:

Anyons in an exactly solved model and beyond

Alexel Kitaev *

California Institute of Technology, Pasadena, CA 91125, USA
Received 21 October 2005; acoepted 25 October 2005

He=—Je ) oo —Jy ) ojoy—J. ) o0},

x=links y-links z=links




Phenomena beyond Landau paradigms

m 1 deconfined phases in quantum materials

ex) Kitaev’s spin model:

Anyons in an exactly solved model and beyond

Alexel Kitaev *

California Institute of Technology, Pasadena, CA 91125, USA
Received 21 October 2005; acoepted 25 October 2005

He=—Je ) oo —Jy ) ojoy—J. ) o0},

x=links y-links z=links

Majorana operators
Kitaev representation
. spin ~ four Majorana fermions

spins

5:265 CTZCa ET:[;? 02:1:b12
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m 1 deconfined phases in quantum materials

ex) Kitaev’s spin model:

_ Majorana
Quantum exact mapping Fermions

spins i
Z, gauge
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m 1 deconfined phases in quantum materials

ex) Kitaev’s spin model:

_ Majorana
Quantum exact mapping Fermions
spins *
Z, gauge
Microscopic Low energy
degrees of freedom degrees of freedom

(UV d.o.f) (IR d.o.f)



Phenomena beyond Landau paradigms

m 1 deconfined phases in quantum materials

ex) Kitaev’s spin model:

_ Majorana
Quantum exact mapping, Fermions
spins i
Z, gauge
Microscopic Low energy

degrees of freedom degrees of freedom

(UV d.o.f) (IR d.o.f)
cf)  Quarks/ Strings Mesons / Baryons

UV d.of # IRd.o.f



Phenomena beyond Landau paradigms

m 1 deconfined phases in quantum materials

ex) Kitaev’s spin model:

_ Majorana

Quantum exact mapping Fermions
spins *

Z, gauge

Majorana fermions are deconfined.



Phenomena beyond Landau paradigms

m 1 deconfined phases in quantum materials

ex) Kitaev’s spin model:

_ Majorana

Quantum exact mapping Fermions
spins *

Z, gauge

Majorana fermions are deconfined.
(= spins are fractionalized.)



Phenomena beyond Landau paradigms

m 1 deconfined phases in quantum materials

ex) Kitaev’s spin model:

_ Majorana
Quantum exact mapping, Fermions
spins i
Z, gauge
Cc . mobile (dispersive)
\ / b, ,, : immobile (flat band)
0 Oij —r 0NNy Ci — CiT);
— (04j = £1,nm; = £1)
/ HeffZitZO'ijCiCj—l—'”
(i5)

Thanks to J. Seong



Phenomena beyond Landau paradigms

m 1 deconfined phases in quantum materials

ex) Kitaev’s spin model:

_ Majorana
Quantum exact mapping Fermions
spins *
Z, gauge
\ / Deconfined (fractionalized) phase
S with Majorana fermions

/ >

Beyond Landau paradigms

Thanks to J. Seong



m Discovery of new degrees of freedom

Electron

b

Z, flux

L.

New Experiments
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https://doi.org/10.1038/541586-018-0274-0

Majorana quantization and half-integer thermal
quantum Hall effect in a Kitaev spin liquid

Y. Kasahara!, T. Ohnishi!, Y. Mizukami?, O. Tanaka?, Sixiao Ma!, K. Sugii®, N. Kurita*, H. Tanaka®, J. Nasu®, Y. Motome®,
T. Shibauchi? & Y. Matsuda'*
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Phenomena beyond Landau paradigm

m EXxotic thermal phase transition
ex) Hidden order transition in URu,SI,

Large specific heat jump
but no (obvious) order-parameter

C /7 (mJ/molK>f.u.)
) B

o o
CBC) <o QO

5

Hidden order behaviour in URu,Si; (A critical review of the status of
hidden order in 2014)

J.A. Mydosh®* and PM. Oppeneer®



Phenomena beyond Landau paradigm

m EXxotic thermal phase transition

ex) Nematic transition at pseudogap T (cuprates)

Oxygen content, y
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Phenomena beyond Landau paradigm

m EXxotic thermal phase transition

ex) Nematic transition at pseudogap T (cuprates)

- nematicy from C, symmetry : Z, symmetry

Symmetric Symmetry broken



Phenomena beyond Landau paradigm

LETTERS

Broken rotational symmetry in the pseudogap phase

/T (NV K2 T-)
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of a high-T_ superconductor

R. Daou't, J. Chang', David LeBoeuf’, Olivier Cyr-Choiniére’, Francis Laliberté', Nicolas Doiron-Leyraud’,
B. J. Ramshaw?, Ruixing Liang®>, D. A. Bonn*®, W. N. Hardy*® & Louis Taillefer"’
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Phenomena beyond Landau paradigm

LETTERS
PUBLISHED ONLINE: 24 JULY 2017 | DOI: 10.1038/NPHYS4205

Thermodynamic evidence for a nematic phase
transition at the onset of the pseudogap
in YBa,Cu;O,

Y. Sato’, S. Kasahara', H. Murayama', Y. Kasahara, E.-G. Moon?, T. Nishizaki3, T. Loew?, J. Porras?,
B. Keimer?, T. Shibauchi® and Y. Matsuda'*

nature

physics
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Phenomena beyond Landau paradigm

Ising class nematicity in cuprates

near behavior arise due to rounding.'® In tt

0'91P
N p=0.11

WIS

0.8 =~

p=0.12 I
530 TWO-DIMENSIONAL

" 0.13
two-dﬁkénsional nature of spin correlations examined
in thisimaterial-MNoextinction effects were found
after inspection of the (100)y; and (300),, reflections
and of'the agreement of twelve measured nuclear
integrated intensities with the calculated ones. The
sublattice magnetization normalized with the
extrapolated intéfisity at O K is plotted in Figs. 1 and
2. Figure 1 showisifliatiboth the (100)y and (300),,
normatized intensities, corrected for background
contributions, fall onthe isare curve. Figure 2 shows
that the magnetization of K, CoF, obeys Opsager's
formuta? for The 285 = T Isingmiodie anns
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Phenomena beyond Landau paradigm

m EXxotic thermal phase transition

ex) Diagonal nematicity in RbFe,As,

(o]
T T T T
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Phenomena beyond Landau paradigm

m Intriguing phenomena in quantum materials
ex1) Kitaev quantum spin liquid
ex2) Hidden order transition in URu,SiI,
ex3) Nematic transition at pseudogap temp. of cuprates

ex4) Diagonal nematicity in RbFe,As,

New theory? New physics?
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Theoretical Set-up |

m Schematic Phase diagram

Major.ana Quantum
Fermions Spins
Hg
O ® > r
Deconfined A Confined

(=conventional)

(4,9

Q) possible phases?
constraints?
anomalies?
dualities?



Theoretical Set-up |

m Schematic Phase diagram

Major.ana Quantum
Fermions Spins
Hg
O ® > r
Deconfined A Confined
(=conventional)
(3,9
Quantum spin liquid Magnetic ordering

. massive entanglement : minimal entanglement



Theoretical Set-up |

m Schematic Phase diagram

Major.ana Quantum
Fermions Spins
Hpg
> T
Deconfined A Confined

Quantum (=conventional)

phase transition

i Hyi +uH
Deconfined B K TQPT

u Q) natures of QPTs?
Majorana gauge theories?
Fermions concepts of symmetry?



Theoretical Set-up |

m Schematic Phase diagram

Major.ana Quantum
Fermions Spins
Hpg
> T
Deconfined A Confined

Topological (=conventional)

phase transition
. HK + ’LLHT PT
Deconfined B ?

Majorana How to distinguish A and B?
Fermions



Theoretical Set-up |

m Schematic Phase diagram

Majorana Quantum
Fermions Spins
Hy
> I
Deconfined A Confined |
(=conventional)

Topological
phase transition

T 1] R

Half-integer c N
8r Tn quantized plateau 60° 1 A
"g‘ a
igza
er i

Deconfined B

H

g 4l

U 7 .
Majorana ] |

Fermions i



Theoretical Set-up |

m Schematic Phase diagram

Majorana Quantum
Fermions spins
Hg
> T
Confined

Deconfined A

Topological
phase transition

(=conventional)

Deconfined B

Majorana
Fermions

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



Theoretical Set-up |

m Schematic Phase diagram

Quantum
En 16 All-in All-out
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Theoretical Set-up |

m Schematic Phase diagram

Quantum
=pin lce All-in All-out
Non FL
Hyg
> I
Deconfined A confined
Quantum
phase transition
Deconfined B
u Quantum
Spin Ice
i Emergent photons and

s monopoles



Theoretical Set-up |

m Schematic Phase diagram

Quantum
=pin lce All-in All-out
Non FL
Hy
> I
Deconfined A confined

Quantum
phase transition

\\Quantumi /
\ Critical E ‘
\ 1

Deconfined B

N \ | w:;w =

u Quantum B =°
Spln Ice o fFM — SM

+ Yo Yez g

FL Oh, Lee, Kim, and Moon, arXiv:1811.00021 (PRL in press)
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m Schematic Phase diagram

A
T/g

Fractionalized
particles!!

® > h/g

deconfined confined



Theoretical Set-up Il

m Schematic Phase diagram

A
T/g

Fractionalized
particles!!

> h/g

deconfined confined



Theoretical Set-up Il

m Schematic Phase diagram

A
T/g

Landau paradigm fails!
(no order parameter)

Fractionalized
particles!!

> h/g

deconfined confined



Theoretical Set-up Il

m Schematic Phase diagram

A
T/g

Hidden order transition?

Fractionalized
particles!!

> h/g

deconfined confined



Theoretical Set-up 11

m Schematic Phase diagram

A
T/g

Confined (= conventional)

Deconfined

h/g



Theoretical Set-up Il

m Schematic Phase diagram

A
T/g

Confined (= conventional)

Deconfined

Univ. class 1

h/g

?
Univ. class X =— Univ. class 1
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Summary of results

m Existence of a thermal deconfinement transition in 2d

m New universality class of sym. breaking transitions

- c=1 Z, sym. breaking transition in 2d

- Z, and U(1) sym. breaking transitions in 3d deconfined
phases are in the same universality class

|U;ivélc'lasj i[]:;l3i]))d| 0?1 |Oﬁ33|1724|0y63|0(7)736|4679| beuinsdl ¢ [ B v | W | #] O
sing . . . . . .

T(D) (<) [33] | —0.075]0.35 [ 1.32]0.67]0.038|4.78 Zp gauge |-0.015/0.83| 0.35 |0.67|1.47| 1.43
| Mean-field | 0 | 0.5 | 1 |0'5| 0 | 3 | Z3 gauge -0.015]1.42|-0.83]0.67|3.23| 0.42
[DC-Zy/DC-U(1)[-0.015]0.83]0.35[0.67] 1.47 | 1.43] Z, gauge |-0.015/2.09|-2.17]0.67]5.22| - 0.04
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m Symmetry and order parameter

Z,sym. =U(1) sym. + Z, Potential

ex : N=2



Review of Landau Paradigm

m Symmetry and order parameter
Z,sym. =U(1) sym. + Z, Potential

- Landau functional : Z, clock model

Fr = —jz cos(6; —0,;) — UZCOS(N(%)
(4,7) e



Review of Landau Paradigm

m Symmetry and order parameter
Z,sym. =U(1) sym. + Z, Potential

- Landau functional : Z, clock model
Fr = —jz cos(6; —0,;) — UZCOS(N(%)
(4,3) e

- order parameter ®; = cos(6;)

_27T

0 =—n, n=0,---

N



Review of Landau Paradigm

m Symmetry and order parameter
Z,sym. =U(1) sym. + Z, Potential

- Landau functional : Z, clock model

Fr = —jz cos(6; —0,;) — UZCOS(N(%)
(4,3) ¢

- order parameter ®,; = cos(b;)
2T
0; = ~ ™ n=20,---,N—1
- field theory g_ /dda:%(vgbf N §¢2 N %54

(Wilson-Fisher)



Review of Landau Paradigm

m Kosterlitz-Thouless transition

Vortex Free

Hyigr =—J Z cos(0; — 6;)

(4,3)

2pi vortex proliferations
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m Ising transition
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m Ising transition

Hy, =—J Z cos(6; — 6;) — uz cos(26;)
(i,3) J

No domain “2m” domain

“4 domain

> T



Review of Landau Paradigm

m Ising transition

Hyz, = —JZCOS
(4,9)

Domain free

—UZCOS (26;)

“21" domain proliferations

No domain

“2m domain “4 domain

> T



Review of Landau Paradigm

m Ising transition

szz—JZcos —UZCOS (260;)
(,3)

No domain “2m” domain

“4 domain

> T



m Ising transition

Hz, =—-J

2

Review of Landau Paradigm

E COS

(4,5)

—UZCOS (26;)

Symmetry breaking transition = 21 domain proliferation

Wilson-Fisher universality class

J

Q
col—{|

>~y (2

15

N

> T

Univ. class in 3d

Z5 (Ising) [33]

0.11

0.33

1.24

0.63

0.036

4.79
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List of Known Facts

m 1 thermal deconfinement transition

HW:_QZ H Oab

I* (ab)eD

Z, gauge transformation
Oij = 0iNiNg, M = £l
Wegner : 3 thermal transition in 3d

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

Fradkin and Shenker : Higgs = Confinement (fund.)



The Wegner model

m Z, lattice gauge theory

Hyy :—gz H Oab —

I* (ab)ell ~ 7

Lo *

(zj)eld AR
Z, gauge transformation oij — oiining, 1 = £1
Wilson-loop operator We=[] o4

(i5)€C



The Wegner model

m Kramers-Wannier duality transformation in 3d

tiw =03 ] o= -03 A

ko (ig)eld

dual to the 3d Ising model.

(We) ~e™ " (We) ~e

SHEa




The Wegner model

m Kramers-Wannier duality transformation in 3d

tiw =03 ] o= -03 A

kE (ij)eld

dual to the 3d Ising model.

(We) ~e™ " (We) ~e

SHEa

No symmetry change / topological transition




The Wegner model

m Topological defects

/ A // / //

flux-line in 3d
fza(l) ~ gl — T'log (1)

Transitionat T, ~ g



The Wegner model

m Topological defects

// ////
L

1 B 1 1
//‘// A
flux-line in 3d fluxes in 2d
f3a(l) ~ gl — T'log Q(I) f2a(l) ~ g — T1og Q1)

Transition at T. ~ g no transition



The Wegner model

m Gauge fixing in 2d

H
H~
H

Oii4+3 — 17 Oiit+g — Sz‘ Fiv = Sisi—|—§: Si Sitz

1

H
H
|.

The Wegner model becomes

Hyw = —g Z SiSita

— decoupled spin chains

= No thermal transition!



Facts

m A thermal transition in 1d Ising spin-chain (text-book)

Hrging = —J Y SiSit1 Af o Te ?//T

no singular point



Facts

m 7 thermal transition in 1d Ising spin-chain (text-book)

Hrsing = —JZ SiSit1

Af o Te 2//T

no singular point

m 1 thermal transition in 1d Dyson-Ising spin-chain

LWBCEIVEd UCTOUET 2%, 1300

Abstract, Existence of a phase-transition is proved for an infinife linear chain
of spins py = 4 I, with an interaction energy
= — ZJ{— ) sy

where J{n) iz positive and monotone decreasing, and the sums X J(n) and
z (log logn) [n® J (»)1~* both converge. In particular, as conjectured by Kic and
THOMPSON, a transition exists for J(n) = n~% when 1 <C & < 2. A possible exten.
sion of these results to Heisenberg ferromagnets is discussed.

L. Introduetion

We consider the one-dimensional Ising ferromagnet with sites labeled
by an integer § taking all values from — oo t0 + oo, At each site ig a ran-
dom variable g, taking the values 4 1, the total energy being

H=— X Jd0—75) s, {L.1)

Dyson, CMP 12, 91 (1969)



New model

m Spin Hamiltonian with long range interaction

HX:—JTZZSii"JTi, l<w<2

7 r>0

Decoupled Dyson-Ising spin chains

= 4 thermal transition

r—1
Fiv = 8;Sits Fis Fiv i3 = 5iSitos H Fietj2 = SiSitrs
J=0

S ZZHT o itz

7 r>0

— 3 thermal transition in 2d! far(l) = gl — T'log Q(1)



Perimeter Law

m Spin Hamiltonian with long range interaction

r—1 NN
HX:_JTZZsiSi—I—mE? l<w<?2 HZ:—JTZZHj:OTfZ +J

rrnw
1 r>0 P >0

<SZ> 7é 0 <Sz> =0
o > T/,




Perimeter Law

m Spin Hamiltonian with long range interaction

/,4(4)
7 r>0 P >0

r—1 NN
HX:_JTZZsiSi—I—mE? l<w<?2 HZ:—JTZZHj:OTfZ +J

(Si) # 0 (S;) =0
. > T/J,
1 1 1
(Si) (S;)
RN We) = I] ow) = ((Si)*)"
i) (i) (ab)eC



Discussion

m Thermal transition in 2d exists!

r—1 . PN
Hy = g, 3 30 T

7 r>0

Strongly interacting flux models
Spatial symmetry is broken (x-dir)

Would be great to find a simpler model

Hpz = —ngz‘* - Z Jig b Ej
i i



Discussion

m Flux Hamiltonian with long range interaction

T; 1_2Fi, Z?%EQZ

Hp

g Z Jijnmj —+ O(TL?), Jij > ()
1#]

For T'< g, J;j =log(]i — j|)



Discussion

m Flux Hamiltonian with long range interaction

n; = 1_2Fi, an‘EQZ

Hp = gz Jijnmj -+ O(TL?), Jij > 0
1]

For T'< g, J;; = log(|i — j|)
Ground state : flux-free state

Excited state : two-flux state Esr(r) = glog(r)

For(r) = glog(r) — T'log(r) = KT-type free energy



Theoretical Set-up

m Schematic Phase diagram

A
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Fractionalized
particles!!

> h/g
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Theoretical Set-up

m Schematic Phase diagram

A
T/g

Confined (=conventional)

Deconfined

Class 1

h/g

Univ. Class 1 : order parameter

Univ. Class X : order parameter + gauge structure
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Theoretical Set-up

m Schematic Phase diagram (with symmetry)

A
T/g

Confined (=conventional)

Deconfined

W-F class

h/g

?
Univ. class X = Wilson-Fisher



Symmetry Breaking Transitions in Deconfined Phases

m Z,global symmetry with Z, gauge field

:—JZO‘Z]COS bi — Hj)—chos(Qé’i)—gZ H Tab

(ir7) i i* (ab)ell

- Gauge transformation :
oij = oinin; i — 0; + (1 —mn;)

- Fy, = —JZ cos(0; —0;) — uZCOS(QHi)

(4,7)



Symmetry Breaking Transitions in Deconfined Phases

m Z,global symmetry with Z, gauge field

:—JZO‘Z]COS bi — Hj)—chos(Qé’i)—gZ H Tab

(ir7) i i* (ab)ell

- Confinement limit (g < T, J, u)

Z, gauge fields are averaged away.
. Landau functional is restored.

= —JZ cos(0; —0;) — uZCOS(%i)

(4,7)
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m Z,global symmetry with Z, gauge field

:—JZO‘Z]COS bi — Hj)—chos(Qé’i)—gZ H Tab

(ir7) i i* (ab)ell

- Confinement limit (g < T, J, u)

Z, gauge fields are averaged away.
. Landau functional is restored.

Symmetry breaking ~ 21T vortex proliferation



Symmetry Breaking Transitions in Deconfined Phases

m Z,global symmetry with Z, gauge field

:—JZO‘Z]COS bi — Hj)—chos(Qé’i)—gZ H Tab

(ir7) i i* (ab)ell

- Deconfinement limit (g > T, J, u)

Z, gauge fluxes (fields) are frozen (o=+1).

eff——JZCOS ')—UZCOS(QHZ')

(i,7)



Symmetry Breaking Transitions in Deconfined Phases

m Z,global symmetry with Z, gauge field

:—JZO‘Z]COS bi — Hj)—chos(Qé’i)—gZ H Tab

(ir7) i i* (ab)ell

- Deconfinement limit (g > T, J, u)

Z, gauge fluxes (fields) are frozen (o=+1).

Symmetry breaking ~ 41t vortex proliferation



Deconfinement Limit

Heyy ——JZCOS )—chos(NHi)

(,7)

Introduce the half-angle variable  v:= -

Hepy = —JZCOS (¥ — V) —chos 2N9Y;)
(4,9)

Z,\ clock model : order para. = secondary operator
®; = cos(f;) = cos(29;)

In 3d, Z, anisotropy term Is irrelevant.

Hasenbusch and Vicari, PRB 84, 125136 (2011)



Discussion

m New universality class is obtained.

An order para. Is a secondary operator.

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

Quantum-classical mapping : frustrated magnetism

|U;W&IC'1&S§ 1[1[313:]))61| 0?1 |OB33|1724|0V63|0(7)736|4579| DCY({) in3d] < B Y | ] 0o
sing . : : : . :

0D (XY [33] 0015035 | 1.32/0.67[0.038| 178 Z, gauge |-0.015/0.83| 0.35 |0.67]1.47| 1.43
| Mean-field | 0 | 0.5 | 1 |()_5| 0 | 3 | Z3 gauge -0.015|1.42|-0.83/0.67]3.23| 0.42
[DC-Zx /DC-U(1)[—0.015]0.83]0.35]0.67] 1.47 |1.43] Zy gauge  |-0.015]2.09]-2.17]0.67|5.22|-0.04




Symmetry Breaking Transitions in Deconfined Phases

m Schematic Phase diagram (with symmetry)

* Deconfined Confined

41, 6717, ...
d_omaln W-F class 2n§om§1in
proliferation proliferation
h
(b) (c)
C(T) C(T)
(b) 4 (c) 4

_________________




New Universality Class in 2d

m New universality class is obtained.

Hepp = —JZ cos(¥; — ;) — ”LLZCOS(2N?97;)

(4,7) z

Z, sym. breaking transition = Z, clock model (c=1).



New Universality Class in 2d

m New universality class is obtained.

Hepp = —JZ cos(¥; — ;) — UZCOS(QNl%)

(4,7) e

Z, sym. breaking transition = Z, clock model (c=1).

CFT with c=1 (similar to KT) Cxq ~ eI Tdl
[Az,] =[] =[e?"] =1/2 Apem ~ 12

10f
Anern
o8]

Super-linear onset!

o [t



n(T) (x107%)

Discussion

. ]; p=0.13
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Fitting parameters .  C;, C5



Outline
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2. Existence of a thermal deconfined transition in 2d

3. Novel universality class of symmetry breaking transitions

4. Conclusion



Conclusion

m Strongly correlated guantum materials
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Mann, Nature 2011
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m Phenomena beyond Landau paradigms
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Conclusion

m Strongly correlated guantum materials

m Phenomena beyond Landau paradigms

UV d.of=IRd.of UV d.o.f. #IR d.o.f

Wilson-Fisher class Universality class X

m Platform for new physics!




Thank you for your attention!



Symmetry Breaking Transitions in Deconfined Phases

m EXxcitations

0; — 0,
H, = —JZUM cos( 9 ) - UZCOS(NHi) +gVr({Fi })
ij i

- Flux (vison) pair
- 211 vortex of order parameter

- 4171 vortex of order parameter



Symmetry Breaking Transitions in Deconfined Phases

m EXxcitations

0; — 0
Ho=—J) ojcos(=———)—u) cos(NO;)+gVr({F})
%

- Flux (vison) pair SRR A
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Symmetry Breaking Transitions in Deconfined Phases

m EXxcitations

0; — 0,
H, = —JZUM cos( 9 ) - UZCOS(NHi) +gVr({Fi })
ij i

- Flux (vison) pair
- 211 vortex of order parameter

- 41T vortex of order parameter



Symmetry Breaking Transitions in Deconfined Phases

m Two limits

0; — 0,
H, = —JZUM cos( 9 ) - UZCOS(NHi) +gVr({Fi })
ij i

- Confinement limit (g < T, J, u)
. gauge contributions are averaged away

- Deconfinement limit (g > T, J, u)
. gauge fluxes are frozen. (F =+1, o=+1)



Symmetry Breaking Transitions in Deconfined Phases

m Two limits

0; — 0,
H, = —JZUM cos( 9 ) - UZCOS(NHi) +gVr({Fi })
ij i

- Confinement limit (g < T, J, u)

Herp = —jz cos(; — 0;) — uZCos(NHZ-) 4.
(2,4) i

- Deconfinement limit (g > T, J, u)

0; —0;
Hepr = —J;% cos( > ) — uZCOS(NHZ-)
1,7 2




Symmetry Breaking Transitions in Deconfined Phases

m Two limits

0; — 0,
H, = —JZUM cos( 9 ) - UZCOS(NHi) +gVr({Fi })
ij i

- Confinement limit (g < T, J, u)

Symmetry breaking ~ 21T vortex proliferation

- Deconfinement limit (g > T, J, u)

Symmetry breaking ~ 41t vortex proliferation



