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Qutline
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3. Loss of magnetic order in a metal
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. Quantum “disordering” magnetic order in
two-dimensional antiferromagnets
Topological defects and their Berry phases




Square lattice antiferromagnet

B=Y 15§,
(27)

Ground state has long-range Néel order

—_

Order parameter is a single vector field g = n;S;
1; = =1 on two sublattices
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Square lattice antiferromagnet
(i5)
Add perturbations so ground state no
longer has long-range Néel order




Square lattice antiferromagnet
)
Add perturbations so ground state no
longer has long-range Néel order

cribe the resulting state by an effective theory of fluctuations
he Néel order:
Rl |Néel)

re R is a SU(2) spin rotation matrix related to the Néel order
z —z
RZE( S ) s E =Bty
z] ZT

zburg-Landau paradigm: Effective action for R.(z, 7), de-
ed by symmetries, describes quantum transitions and phases
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Order parameter description 1s incomplete

Underlying electrons cannot be ignored even
though charged excitations are fully gapped.

They endow topological defects in the order
parameter (hedgehogs, vortices...) with Berry phases:

the defects acquire additional degeneracies and
transform non-trivially under lattice space group
e.g. with non-zero crystal momentum
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Metals (in the cuprates)
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1<J

e Begin with free electrons.

: 10050089
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Fermi surface+antiferromagnetism

Db

BT

©

The electron spin polarization obeys

<§(r, T)> = F(r,7)e’ET

where K is the ordering wavevector.
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Spin density wave theory

the presence of spin density wave order, g at wavevector K =
7), we have an additional term which mixes electron states with
mentum separated by K

Hsdw = 95’ Z ck,a&*aﬁck—l-l(,ﬁ
k,ﬂ,ﬁ

ere ¢ are the Pauli matrices. The electron dispersions obtained
diagonalizing Hy + H.g4. for @ o (0,0,1) are

Eg + € Ex — €
Eyy = = 21{_‘_1{_}_\/(k 2k+K)—|—CP2

leads to the Fermi surfaces shown in the following slides for

filling



alf-filled band

< Increasing SDW order

PAE
v

rsa: 10050089 §_Sachdev, A.V. Chubukov, and A. Sokol, Phys. Rev. B 51, 14874 (1995). Bage 13129
AV Chiuthiikew and N K Marr Phucice Rehnric 788 IA55 /1997



alf-filled band

< Increasing SDW order
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alf-filled band

< Increasing SDW order

Y AN ZaN s
o r.,/f‘\

X
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El
pockets

Hot spots

Fermi surface breaks up at hot spots
into electron and hole “pockets”™

Prsa: 10050080 §_ Sachdev, A.V. Chubukov, and A. Sckol, Phys. Rev. B 51, 14874 (1995).
AV Chiuthiikkow and N K Marr Phucice Rehoric 788 55 (1997
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alf-filled band

< Increasing SDW order

Insulator ]

/NN
avd

\/ \/

Hot spots

Insulator with Neel order has electrons
filling a band, and no Fermi surface
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alf-filled band

< Increasing SDW order

Insulator

Insulator with Neel order has electrons
filling a band, and no Fermi surface

rsa: 10050089 §_Sachdev, A.V. Chubukov, and A. Sokol, Phys. Rev. B 51, 14874 (1995). paocd iz
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Square lattice antiferromagnet
R.(z,7) |Néel)
erform SU(2) rotation R. on filled band of electrons:

b o i) | g

/\\.iwi states empty

\_/Cq Y+ states filled




Square lattice antiferromagnet
R.(z,7) |Néel)
erform SU(2) rotation R. on filled band of electrons:

b Bl el | o)

his is invariant under

a>€%2a 5 Yy e Yy 5 P Py —
e obtain a U(1) gauge theory of
e bosonic neutral spinons z,;
e spinless, charged fermions ¥+ occupying filled bands:;

irsa: 10050089 Page 19/123

e an emergent U(1) gauge field A,,.




e Néel phase is the Higgs state with (z,) # 0.
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Nature of quantum ‘“‘disordered’” phase

e Néel phase is the Higgs state with (z,) # 0.

the quantum “disordered” phase, with (z,) = 0 and
excitations gapped, let us examine the theory for the
fermions. For simplicity, we focus on the honeycomb
tice, where this can be written in Dirac notation:

Ly = ipy* (8, — 1A,0%) Y + mypYo™y

ere ¢ /p are Pauli matrices in spin/valley space.
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e Néel phase is the Higgs state with (z,) # 0.
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Sqguare lattice antiferromagnet
R.(z,7) |Néel)
erform SU(2) rotation R. on filled band of electrons:

i o By el

his is invariant under

a €%z ; Py e 0Py ;5 Yo Py —
e obtain a U(1) gauge theory of
e bosonic neutral spinons z,;
e spinless, charged fermions ¥+ occupying filled bands:
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e an emergent U(1) gauge field A,,.




e Néel phase is the Higgs state with (z,) # 0.
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Nature of quantum “disordered’ phase

e Néel phase is the Higgs state with (z,) # 0.

the quantum “disordered” phase, with (z,) = 0 and
excitations gapped. let us examine the theory for the
fermions. For simplicity, we focus on the honeycomb
tice, where this can be written in Dirac notation:

Ly = ipy* (8, — 1A,0%) Y + mypYa™y

ere ¢ /p are Pauli matrices in spin/valley space.
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e Néel phase is the Higgs state with (z,) # 0.
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Square lattice antiferromagnet
R.(z,7) |Néel)
erform SU(2) rotation R. on filled band of electrons:

ta) s o s

his is invariant under

a €% 5 Yy e Yy 5 Yo Py —
e obtain a U(1) gauge theory of
e bosonic neutral spinons z,;
e spinless, charged fermions ¥+ occupying filled bands:;
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e an emergent U(1) gauge field A,,.




e Néel phase is the Higgs state with (z,) # 0.
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Nature of quantum ‘“‘disordered’ phase

e Néel phase is the Higgs state with (z,) # 0.

the quantum “disordered” phase, with (z,) = 0 and
excitations gapped. let us examine the theory for the
fermions. For simplicity, we focus on the honeycomb
tice, where this can be written in Dirac notation:

Ly = iy (0, —tA0%) Y + map¥ o

ere ¢ /p are Pauli matrices in spin/valley space.
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Nature of quantum ‘“disordered’” phase

e Néel phase is the Higgs state with (z,) # 0.

the quantum “disordered” phase, with (z,) = 0 and
excitations gapped, let us examine the theory for the

fermions. For simplicity, we focus on the honeycomb
tice, where this can be written in Dirac notation:

£y — ipyH (Op —tA, 0" —iBLpY) Y + mp¥ oY
ere ¢ /p are Pauli matrices in spin/valley space.

Introduce an external gauge field B, to
probe the structure of the gapped v+ phase

Pirsa: 10050089 Page 30/123



Nature of quantum ‘“disordered’” phase

fter integrating out the fermions, the quantum spin
all physics implies a mutual Chern-Simons term be-
een A, and B,
()
Eeﬁ' = geyvAApavBA
hanging the A, flux (analog of electric field in QSHE),
nduces a B,, charge (analog of spin in QSHE).



Nature of quantum ‘““disordered’ phase

fter integrating out the fermions, the quantum spin
all physics implies a mutual Chern-Simons term be-
een A, and B,

()
Eeﬁ — gep‘.y)\ApaV B)\

hanging the A, flux (analog of electric field in QSHE),
nduces a B,, charge (analog of spin in QSHE).

Monopoles in A, carry B, charge.

This endows A,, monopoles with
Sy non-zero crystal momentum. o



Nature of quantum ‘“‘disordered” phase

(2a) # 0 =1
Néel state Valence bond solid (VBS)




Nature of quantum ‘“disordered’ phase

fter integrating out the fermions, the quantum spin
all physics implies a mutual Chern-Simons term be-
een A, and B,

()
ﬁeﬁ = g EpuAApau B)\

hanging the A, flux (analog of electric field in QSHE),
nduces a B,, charge (analog of spin in QSHE).

Monopoles in A, carry B, charge.

This endows A,, monopoles with
—=r non-zero crystal momentum. e



Nature of quantum ‘“disordered’ phase

e Néel phase is the Higgs state with (z,) # 0.

the quantum “disordered” phase, with (z,) = 0 and
excitations gapped, let us examine the theory for the

fermions. For simplicity, we focus on the honeycomb
tice, where this can be written in Dirac notation:

Ly = ’E*E’Y# (Op —tAuo” —1Bup”) Y + m:‘Epsz"yf}
ere ¢ /p are Pauli matrices in spin/valley space.

Introduce an external gauge field B, to
probe the structure of the gapped ¥+ phase
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Nature of quantum ‘“disordered’ phase

<th> ?é 0 <Za> —
Néel] state Valence bond solid (VBS)
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Phase diagram of frustrated antiferromagnets

N. Read and S. Sachdev
Phys. Rev. Lett. 63, 1773 (1991)

C. Xu and S. Sachdev.
Phys. Rev. B 79, 064405 (2009)
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Phase diagram of frustrated antiferromagnets

N. Read and S. Sachdev
Phys. Rev. Lett. 63, 1773 (1991)

C. Xu and S. Sachdev.
Phys. Rev. B 79, 064405 (2009)




Phase diagram of frustrated antiferromagnets

N. Read and S. Sachdev
Phys. Rev. Lett. 63, 1773 (1991)

C. Xu and S. Sachdev.
Phys. Rev. B 79, 064405 (2009)

Described by a deconfined Z5
(VBS) M gauge theory, with topolog-
ical degeneracy on a torus,
and gapped spinon and Vvi-

son excitations with mutual
semionic statistics

N. Read and S. Sachdev. Phys.
Rev. Lett. 63, 1773 (1991).

(also X.-G. Wen, Phys. Rev. B
Neel 44 2664 (1991))

Pirsa: 10050089
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Phase diagram of frustrated antiferromagnets

N. Read and S. Sachdev
Phys. Rev. Lett. 63, 1773 (1991)

C. Xu and S. Sachdev.
Phys. Rev. B'79, 064405 (2009)

....... < a doubled Chern-Simons

PPPPPPPPPP



Phase diagram of J;-J>-J3 antiferromagnet
on the square lattice
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Phase diagram of J;-J>-J; antiferromagnet
on the square lattice
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Phase diagram of J;-J>-J; antiferromagnet
on the square lattice
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Phase diagram of J;-J>-J; antiferromagnet
on the square lattice
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Phase diagram of J;-J>-J; antiferromagnet
on the square lattice
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Phase diagram of J;-J>-J; antiferromagnet
on the square lattice

- | J;=0.35,

1/§

Pirsa: 10050089

N RPaad and § Qacrhday DPhyve Pow T oy B2 1772 i1001%



1/§

Pirsa: 10050089

Phase diagram of J;-J>-J; antiferromagnet
on the square lattice

- | J;=0.35; |

- Spiral (0:M)gr0

; magnetic [q,n

E order P

L SHO \

(m,70) 0,m),

_ LRQ (q'n)LHO

E  (wap

] " e N et B o e |
0 0.5 4 /J, 1.5
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Phase diagram of J;-J>-J; antiferromagnet
on the square lattice
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Phase diagram of J;-J>-J; antiferromagnet
on the square lattice
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Qutline

. Quantum “disordering” magnetic order in
two-dimensional antiferromagnets
Topological defects and their Berry phases

. Unified theory of spin liquids
Majorana liquids

3. Loss of magnetic order in a metal
d-wave pairing and
(modulated) Ising-nematic order
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on the square lattice
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Phase diagram of J;-J>-J; antiferromagnet
on the square lattice
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Phase diagram of J;-J>-J; antiferromagnet
on the square lattice
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Phase diagram of J;-J>-J; antiferromagnet
on the square lattice
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Phase diagram of frustrated antiferromagnets

N. Read and S. Sachdev
Phys. Rev. Lett. 63, 1773 (1991)

C. Xu and S. Sachdev,
Phys. Rev. B'79, 064405 (2009)

i a doubled Chern-Simons
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Phase diagram of frustrated antiferromagnets

N. Read and S. Sachdev
Phys. Rev. Lett. 63, 1773 (1991)

C. Xu and S. Sachdev,
Phys. Rev. B 79, 064405 (2009)
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Phase diagram of J;-J>-J;3 antiferromagnet
on the square lattice

Valence
Bond
Solids
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Phase diagram of J;-J>-J; antiferromagnet
on the square lattice
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Qutline

. Quantum “disordering” magnetic order in
two-dimensional antiferromagnets
Topological defects and their Berry phases

. Unified theory of spin liquids
Majorana liquids

3. Loss of magnetic order in a metal
d-wave pairing and
(modulated) Ising-nematic order
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2. Unified theory of spin liquids
Majorana liquids




Global symmetry operations:
e Spin rotations, SU(2)spin

e Combine electromagnetic charge (electron number)
U(1)charge With particle-hole transformations to ob-
tain SU(Q)pseudDSpiﬂ.
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Global symmetry operations:
e Spin rotations, SU(2)spin

e Combine electromagnetic charge (electron number)
U(1)charge With particle-hole transformations to ob-
tain SU(2)pseudnspin-

antum “disordering’” magnetic order

Sy st et i o
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Global symmetry operations:
e Spin rotations, SU(2)spin

e Combine electromagnetic charge (electron number)
U(1)charge With particle-hole transformations to ob-
tain SU(Q)pseudﬂspm.

antum “disordering” magnetic order

2=t o) (¢
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Global symmetry operations:
e Spin rotations, SU(2)spin

e Combine electromagnetic charge (electron number)
U(1)charge With particle-hole transformations to ob-
tain SU(Q)pseudDSpiﬂ.

antum “disordering” magnetic order
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Global symmetry operations:
e Spin rotations, SU(2)spin

e Combine electromagnetic charge (electron number)
U(1)charge With particle-hole transformations to ob-
tain SU(2)pseudospin-

antum “disordering” magnetic order

fod) il i) Lo

irsa: 10050089
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Global symmetry operations:
e Spin rotations, SU(2)spin

e Combine electromagnetic charge (electron number)
U(1)charge With particle-hole transformations to ob-
tain SU(Q)pseudDSpiﬂ.

jected fermion wavefunctions (Fisher, Wen, Lee, Kim)

€& Y by b5 1
Ci 3 —bg bl f;
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Global symmetry operations:
e Spin rotations, SU(2)spin

e Combine electromagnetic charge (electron number)
U(1)charge With particle-hole transformations to ob-
tain SU(Q)pseustpin-

jected fermion wavefunctions (Fisher;Wen, Lee, Kim)

ct \ by b3 1
Ci s —bg bl ;
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Global symmetry operations:
e Spin rotations, SU(2)spin

e Combine electromagnetic charge (electron number)
U(1)charge With particle-hole transformations to ob-
tain SU(Q)pseustpi_n-

jected fermion wavefunctions (Fisher; Wen, Lee, Kim)

(4)- (&%) (4)
Ci —bg bl ;

boson/rotor

irsa: 10050089
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Global symmetry operations:
e Spin rotations, SU(2)spin

e Combine electromagnetic charge (electron number)
U(1)charge With particle-hole transformations to ob-
tain SU(Q)pEeudDSpm.

jected fermion wavefunctions (Fisher, Wen, Lee, Kim)

€ ¥ by b3 f1
CI =, —bg bl f;
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Global symmetry operations:
e Spin rotations, SU(2)spin

e Combine electromagnetic charge (electron number)
U(1)charge With particle-hole transformations to ob-
tain SU(Q)pseustpin-

jected fermion wavefunctions (Fisher, Wen, Lee, Kim)

3 LRRlste)
CI —bg bl f;
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Global symmetry operations:
e Spin rotations, SU(2)spin

e Combine electromagnetic charge (electron number)
U(1)charge With particle-hole transformations to ob-
tain SU(Q)pseustpi_n-

jected fermion wavefunctions (Fisher; Wen, Lee, Kim)

CT = b:i: b:ic fl
(4)= (& 2)2(4)
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Global symmetry operations:
e Spin rotations, SU(2)spin

e Combine electromagnetic charge (electron number)
U(1)charge With particle-hole transformations to ob-
tain SU(Q)pseudospin-

jected fermion wavefunctions (Fisher, Wen, Lee, Kim)

& ¥ b b3 f1
CI i —bg bl f;
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Global symmetry operations:
e Spin rotations, SU(2)spin

e Combine electromagnetic charge (electron number)
U(1)charge With particle-hole transformations to ob-
tain SU(Q)pseudﬂspm.

jected fermion wavefunctions (Fisher; Wen, Lee, Kim)

e ¥ _ b b5 fi
CI ' —bg bl ;
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Global symmetry operations:
e Spin rotations, SU(2)spin

e Combine electromagnetic charge (electron number)
U(1)charge With particle-hole transformations to ob-
tain SU(Q)pseudDSpiﬂ.

antum “disordering” magnetic order
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Global symmetry operations:
e Spin rotations, SU(2)spin

e Combine electromagnetic charge (electron number)
U(1)charge With particle-hole transformations to ob-
t&iﬂ SU(Q)pseudﬂspin-

antum “disordering’” magnetic order
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Global symmetry operations:
e Spin rotations, SU(2)spin

e Combine electromagnetic charge (electron number)
U(1)charge With particle-hole transformations to ob-
tain SU(Q)pseustpin-

antum “disordering’” magnetic order
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Global symmetry operations:
e Spin rotations, SU(2)spin

e Combine electromagnetic charge (electron number)
U(1)charge With particle-hole transformations to ob-
tain SU(Q)pseudﬂspm.

jected fermion wavefunctions (Fisher, Wen, Lee, Kim)

€&\ by b3 1
CI e —bg bl f;
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Global symmetry operations:
e Spin rotations, SU(2)spin

e Combine electromagnetic charge (electron number)
U(1)charge With particle-hole transformations to ob-
tain SU(Q)pseustpi_u-

jected fermion wavefunctions (Fisher; Wen, Lee, Kim)

(4)- (& 2)3(3)
CI —bg bl f;
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Global symmetry operations:
e Spin rotations, SU(2)spin

e Combine electromagnetic charge (electron number)
U(1)charge With particle-hole transformations to ob-
tain SU(Q)pseustpin-

jected fermion wavefunctions (Fisher, Wen, Lee, Kim)

CT = b# b# fl
(4)= (& &) 2(4)
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Unified spin liquid theory

compose electron operator into real fermions, x:
G—Xittxz ; €— Xzt

troduce a 4-component Majorana fermion (;, 1 =1...4
d a SO(4) matrix R, and decompose:

xr— W {

Pirsa: 10050089 Page 80/123



Unified spin liquid theory

compose electron operator into real fermions, x:

e =Xx1+ixz2 ; € =Xx3+ixa

troduce a 4-component Majorana fermion (;, 1 =1...4
d a SO(4) matrix R, and decompose:

X=O®R (

80(4) — SU(Q)pseudaspiHXSU(g)Spiﬂ




Unified spin liquid theory

compose electron operator into real fermions, y:

e =Xx1+ixz ; € =Xx3+1ixa

troduce a 4-component Majorana fermion (;, 1 =1...4
d a SO(4) matrix R, and decompose:

xX= R@®@(

O x OT

SO(4)gauge = SU(2)p:gaunge XSU(2)s:gauge

Pirsa: 10050089




Unified spin liquid theory

compose electron operator into real fermions, y:

cr =X1+ixz ; € =Xx3+1ixa

troduce a 4-component Majorana fermion (;, 1 =1...4
d a SO(4) matrix R, and decompose:

xr— K (

By breaking SO(4)zugee with different Higgs fields, we can
reproduce essentially all earlier theories of spin liquids.

We also find many new spin liquid phases, some with
Majorana fermion excitations which carry
Pirsa: 10050089 HEither Spin nor Charge Page 83/123




Qutline

. Quantum “disordering” magnetic order in
two-dimensional antiferromagnets
Topological defects and their Berry phases

. Unified theory of spin liquids
Majorana liquids

3. Loss of magnetic order in a2 metal
d-wave pairing and
(modulated) Ising-nematic order



3. Loss of magnetic order in a metal
d-wave pairing and

(modulated) Ising-nematic order




Fermi surface+antiferromagnetism

S

e

o

@

The electron spin polarization obeys

<§(r7 'r)> — @(r, )T

where K is the ordering wavevector.
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ole-doped cuprates

< Increasmg SDW order

R A NZAN PAN
f\—/}\/

\ / \
Hole Electrm
pockets pockets

Large Fermi surface breaks up into
electron and hole pockets
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ole-doped cuprates

-« Increasing SDW order

¢ fluctuations act on the
large Fermi surface

e 10050059 S. Sachdev, A.V. Chubukov, and A.Sokol, Phys. Rev. B 51, 14874 (1995). B
AN Chaiballrmas mewed TY EF Mare Dbaeere Babneire "D AL 100N



tart from the “spin-fermion” model

Z:/Dcaﬂaﬁexp(—S)

+ 0,
S :/dfzk:ckﬂ (6_7 —Ek) Cka
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Low energy fermions

¢{a1¢5{1
€=11"'T4

= il (O, — vt V) oo +whh (O, —ivh - V) ok,

i —n) s —((w.5)
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(Ca = “"1 r) ¢1u = 3 'f’ (Ca = 3"’2 r) ’f)za




(Ca = '“’1 r) "f’m + !L’g: (Ca = ‘3"2 r) '/’2&
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5 wla ((:a

der parameter:

Pirsa: 10050089

— ;-9 = Vi, + U5 =, (¢O- — iv5 -

£:

©
ND | b=
<
L
6,
o
+
|
[
2l
)
_|_
|

Page 93/123



Pi

IIIII

: 10050089

(f.

- > € g o =
+2( p) L

—_

Jaﬁ¢2,{3 + ¥

N

&~ _f

Page 94/123



= lbﬂz (Car = w'1 ) wla - 3 T/) (Car = z’v% : Vr) wéa

N

7 ¢ - E
(Vr ')2 -+ ) (O-¢ 3 ‘192 + ‘154

L S2 U
2 4

wa~  coupling: =—A55'-( 8 & gWha + U5t gt )
: c la“a8%23 2a“af¥13

egrate out fermions and obtain non-local corrections to £,

1

; 2
Ly = F a1/ ; o=

TUL Uy,

ponent z = 2 and mean-field criticality (upto logarithms)
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(Ca == '371 r) ‘f’m y 5 '15' (Ca = 3“'2 r) @bza




wﬁix (Ca’f‘ =" ’LV{ ) lplﬂ: + r‘f) (Ca —— ZV% VT‘) wga

: . e = N
wa~ coupling: Le=—Ag- ( ' Jaﬁwzg + szJﬂﬂw{ﬁ)
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= ¢fl (ga?‘ = ZV{ : V’r") ?/){a + wéj;: (CaT == ’ZV% § VT‘) ga

1
der parameter: L, = > (Vrﬁ)Q < g. (O-@ : =" _;.

” - = £ — 5
wa” coupling: L.=—\g- ( A agUsg + V5 & amb{ﬁ)

egrate out fermions and obtain non-local corrections to £,

1

= 2
L — F e+l >

UL Uy

ponent z = 2 and mean-field criticality (upto logarithms)
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1
der parameter: L, = = (Va,m,c_ﬁ')2 — g (E’-ﬂﬁ)2 -+ gﬁz + %(54
” lin £ — 5= £ - £ g1 £ — £
wa Ccoupling c v 1{10-&;5’1&25 wzaaa,@wlﬁ

egrate out fermions and obtain non-local corrections to £,

| & 2
L, = @@+ l]/2 ; =

TUL Uy

ponent z = 2 and mean-field criticality (upto logarithms)

K in d = 3, but higher order terms contain an

ite number of marginal couplings in d=2 ...
T L O T T v T



= wl::x (Car = ivg ) wlrj + ¥, . (Ca'r = ?:Vg : Vr) wga

_ 2 2 1 F _, '
(Vo) + 5 (0:0)" + 57 +
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477
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|

Perform RG on both fermions and ¢,
using a local field theory.
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Low energy fermions

Vier Vo
a4
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Hot spots have
strong instability to
d-wave pairing near
SDW critical point.

This instability is
stronger than the
BCS instability of a
Fermi Liquid.

Pairing order parameter:

3 1 3 1
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Hot spots have
strong instability to
d-wave pairing near
SDW critical point.

This instability is
stronger than the
BCS instability of a
Fermi liquid.

Pairing order parameter:
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Emergent Pseudospin symmetry

ontinuum theory of hotspots in invariant under:

T_I}E ¢ w«‘f
()= (%)

here U* are arbitrary SU(2) matrices which can be

fferent on di
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V3 V3 V3 V3 V3

Bond density wave (with local Ising-nematic
order) instability in particle-hole channel
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d-wave pairing has a
partner instability
in the particle-hole

channel

Density-wave order parameter:

S 31 4,1 S e
( 1aw1a_¢2a¢2a)






Single ordering wavevector Q:

i .
<Ck~Q/2,aCk+Q/2-.ﬂ> =

1111111

®(cosk, — cos k&, )




“Bond density”
measures amplitude
for electrons to be

in spin-singlet
valence bond:
VBS order

No modulations on sites. Modulated bond-density

wave with local Ising-nematic ordering:

T =3 N
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“Bond density”
measures amplitude
| for electrons to be
| in spin-singlet
! valence bond:

* | VBS order
=9

| |
N,

No modulations on sites. Modulated bond-density
wave with local Ising-nematic ordering:

T == =
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I'M measurements of Z(r), the energy asymmetry

in density of states in BisSroCaCus0g_ 5.
=

M. J. Lawler, K. Fujita,
Jhinhwan Lee,
A. R. Schmidt,

Y. Kohsaka, Chung Koo
S. Uchida. J. C. Daxvis,
J. P. Sethna. and
Eun-Ah Kim, preprint

Pirsa: 10050089 Page 115/123



['M measurements of Z(r), the energy asymmetry

in density of states in BisSroCaCus0g_ 5.
F—4

M. J. Lawler, K. Fujita,
Jhinhwan Lee,
A. R. Schmidt,

Y. Kohsaka, Chung Koo
S. Uchida, J. C. Davis,
J. P. Sethna, and
Eun-Ah Kim, preprint

Pirs:ﬁ;OOBZA + ZB 2= ZC o ZD Page 116/123



['M measurements of Z(r), the energy asymmetry

in density of states in BioSroCaCus0g_ 5.
=8

M. J. Lawler, K. Fujita.
Jhinhwan Lee,
A. R. Schmidt,
Y. Kohsaka Chung Koo
Kim. H. Eisaki.
S. Uchida. J. C. Dayvis,
J. P. Sethna. and
Eun-Ah Kim, preprint

Pirsa: 10050089 Page 117/123



“Bond density”
measures amplitude
for electrons to be

| 4

|_® in spin-singlet

¥ | valence bond:

X, | VBS order
-3

| |

| ¥

No modulations on sites. Modulated bond-density

wave with local Ising-nematic ordering:

T = =
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I'M measurements of Z(r), the energy asymmetry
in density of states in BisSroCaCus0g_ 5.

M. J. Lawler, K. Fujita,
Jhinhwan Lee,
A. R. Schmidt,

Y. Kohsaka, Chung Koo
S. Uchida, J. C. Dayvis,
J. P. Sethna, and
Eun-Ah Kim, preprint

Strong anisotropy of
electronic states between
x and y directions:
Electronic
“Ising-nematic” order.
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Conclusions

Theory for the onset of spin density wave in metals is
strongly coupled in two dimensions

For the cuprate Fermi surface, there are strong
instabilities near the quantum critical point to
d-wave pairing
and
bond density waves with local Ising-nematic ordering
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Conclusions

Quantum “disordering” magnetic order leads to
valence bond solids and Z; spin liquids

Unified theory of spin liquids using Majorana fermions:
also includes states obtained by
projecting free fermion determinants
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