
t 

• Add local antiferromagnetism with order pa-
rameter �ϕ

Hsdw = −
!

i

�ϕ(r i)(−1)ic†iα�σαβciβ

H0 = !
!

i<j

t ij c†i ! ci ! "
!

k

εk c†k ! ck !

• Begin with free electrons.

• The phase with ! �ϕ" #= 0 is an insulator with a
gap between conduction and valence bands.

k

εk
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Z. Y. Meng et al., Nature 464, 847 (2010).
Friday, June 11, 2010



Rz(x, τ)
��Néel

�

Perform SU(2) rotation Rz on filled band of electrons:

�
c↑
c↓

�
=

�
z↑ −z∗↓
z↓ z∗↑

��
ψ+

ψ−

�

ψ± states filled

ψ± states empty

k

εk
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�
c↑
c↓

�
=

�
z↑ −z∗↓
z↓ z∗↑

� �
ψ+

ψ−

�
Quantum “disordering” magnetic order
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�
c↑
c↓

�
=

�
z↑ −z∗↓
z↓ z∗↑

� �
ψ+

ψ−

�
Quantum “disordering” magnetic order

SU(2)spin
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�
c↑
c↓

�
=

�
z↑ −z∗↓
z↓ z∗↑

� �
ψ+

ψ−

�
Quantum “disordering” magnetic order

U(1)charge
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�
c↑
c↓

�
=

�
z↑ −z∗↓
z↓ z∗↑

� �
ψ+

ψ−

�
Quantum “disordering” magnetic order

U × U−1

SU(2)s;gauge

S. Sachdev, M. A. Metlitski, Y. Qi, and S. Sachdev  Phys. Rev. B 80, 155129 (2009)
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�
c↑
c↓

�
=

�
z↑ −z∗↓
z↓ z∗↑

� �
ψ+

ψ−

�
Quantum “disordering” magnetic order

The Hubbard model can be written

exactly as a lattice gauge theory with a

SU(2)s;g×SU(2)spin×U(1)charge

invariance.

The SU(2)s;g is a gauge invariance,

while SU(2)spin×U(1)charge is a global symmetry
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Matter context of SU(2)s;g×SU(2)spin×U(1)charge
theory

• Fundamental fermions ψ transform-
ing as (2,1, 1),

• Fundamental scalar z transforming
as (2̄,2, 0), connecting local to global
Néel order,

• Adjoint scalar �N(ri) = ψ†
i�σψi trans-

forming as (3,1, 0), measuring local
Néel order.
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�z� �= 0 , �N� = 0

Phase diagram

�z� �= 0 , �N� �= 0

�z� = 0 , �N� �= 0�z� = 0 , �N� = 0
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�z� �= 0 , �N� = 0

Phase diagram

�z� �= 0 , �N� �= 0

k

εk

Semi-metal

�z� = 0 , �N� �= 0�z� = 0 , �N� = 0
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�z� �= 0 , �N� = 0

Phase diagram

�z� �= 0 , �N� �= 0

k

εk

Semi-metal
Insulator 
with Neel 

order

t 

�z� = 0 , �N� �= 0�z� = 0 , �N� = 0
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�z� �= 0 , �N� = 0

Phase diagram

�z� �= 0 , �N� �= 0

k

εk

Semi-metal
Insulator 
with Neel 

order

t 

SU(2) QCD with Nf = 4 mass-
less Dirac quarks

L =
1

g2
F 2
µν + ψγµ(∂µ − iAµ)ψ

Could describe a CFT3 like SYM,
but could also be unstable to con-
finement.

�z� = 0 , �N� �= 0�z� = 0 , �N� = 0

Friday, June 11, 2010



�z� �= 0 , �N� = 0

Phase diagram

�z� �= 0 , �N� �= 0

k

εk

Semi-metal
Insulator 
with Neel 

order

t 

�z� = 0 , �N� �= 0�z� = 0 , �N� = 0

Spin liquid:
CFT of SU(2) QCD
with Nf =4 massless 

Dirac quarks
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�z� �= 0 , �N� = 0

Phase diagram

�z� �= 0 , �N� �= 0

k

εk

Semi-metal
Insulator 
with Neel 

order

t 

�z� = 0 , �N� �= 0�z� = 0 , �N� = 0

Spin liquid:
CFT of SU(2) QCD
with Nf =4 massless 

Dirac quarks

• SU(2) is Higgsed down to

U(1).

• All matter fields are gapped.

• U(1) monopoles drive Polyakov

confinement

• Spectral flow in filled fermion

bands leads to Berry phases

of monopoles, endowing them

with crystal momentum.

• Confining state has valence

bond solid (VBS) order
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�z� �= 0 , �N� = 0

Phase diagram

�z� �= 0 , �N� �= 0

k

εk

Semi-metal
Insulator 
with Neel 

order

t 

�z� = 0 , �N� �= 0�z� = 0 , �N� = 0

Confining insulator with 
VBS (kekule) order

Spin liquid:
CFT of SU(2) QCD
with Nf =4 massless 

Dirac quarks

t 
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�z� �= 0 , �N� = 0

Phase diagram

�z� �= 0 , �N� �= 0

k

εk

Semi-metal
Insulator 
with Neel 

order

t 

M
�z� = 0 , �N� �= 0�z� = 0 , �N� = 0

Spin liquid:
CFT of SU(2) QCD
with Nf =4 massless 

Dirac quarks Confining insulator with 
VBS (kekule) order

t 
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�z� �= 0 , �N� = 0

Phase diagram

�z� �= 0 , �N� �= 0

k

εk

Semi-metal
Insulator 
with Neel 

order

t 

M
�z� = 0 , �N� �= 0�z� = 0 , �N� = 0

Confining insulator with 
VBS (kekule) order

t 

Spin liquid:
CFT of SU(2) QCD
with Nf =4 massless 

Dirac quarks
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�z� �= 0 , �N� = 0

Phase diagram

�z� �= 0 , �N� �= 0

k

εk

Semi-metal
Insulator 
with Neel 

order

t 

M
�z� = 0 , �N� �= 0�z� = 0 , �N� = 0

Confining insulator with 
VBS (kekule) order

t 

Spin liquid:
CFT of SU(2) QCD
with Nf =4 massless 

Dirac quarks

Multicritical point M :
SU(2) QCD with Nf = 4 mass-
less Dirac quarks, 4 real funda-
mental scalars, and 3 real adjoint
scalars.

L =
1

g2
F 2
µν + ψγµ(∂µ − iAµ)ψ

+|(∂µ−iAµ)z|2+((∂µ−iAµ)φ)
2

Could describe a CFT3 like SYM,
but could also be unstable to con-
finement.
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�z� �= 0 , �N� = 0

Phase diagram

�z� �= 0 , �N� �= 0

k

εk

Semi-metal
Insulator 
with Neel 

order

t 

M
�z� = 0 , �N� �= 0�z� = 0 , �N� = 0

Spin liquid:
CFT of SU(2) QCD
with Nf =4 massless 

Dirac quarks Confining insulator with 
VBS (kekule) order

t 
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