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O(6) non-linear sigma model

O(6) Model with g=0.3, A=1 and w=0 Preliminary
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Fermi surface+antiferromagnetism

Metal with “large”
Fermi surface

The electron spin polarization obeys

<§(r, 7')> = J(r,7)eBT

where K is the ordering wavevector.
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Fermi surfacetantiferromagnetism

Fermi surfaces translated by K = (7, 7).
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Fermi surfacetantiferromagnetism

“Hot” spots
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Fermi surfacetantiferromagnetism
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with antiferromagnetic order parameter (@) # 0
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Pairing “glue” from antiferromagnetic fluctuations

V.]. Emery, J. Phys. (Paris) Colloq. 44, C3-977 (1983)

D.J. Scalapino, E. Loh, and J.E. Hirsch, Phys. Rev. B 34,8190 (1986)
K. Miyake, S. Schmitt-Rink, and C. M.Varma, Phys. Rev. B 34, 6554 (1986)
S. Raghu, S.A. Kivelson, and D.J. Scalapino, Phys. Rev. B 81,224505 (2010)
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<0Lacik5> = capAg(cosk, —cosk,)

V.]. Emery, J. Phys.
(Paris) Collog. 44,
C3-977 (1983)

D.). Scalapino, E. Loh,
and J.E. Hirsch, Phys.
Rev.B 34,8190 (1986)

K. Miyake, S. Schmitt- O
Rink, and C. M.Varma,

Phys. Rev. B 34, 6554
(1986)
S. Raghu, S.A. Kivelson,
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Phys. Rev. B 81, 224505
(2010)
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d-wave superconductor: particle-particle pairing
at and near hot spots, with
sign-changing pairing amplitude
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Sign-problem-free Quantum Monte Carlo for
antiferromagnetism in metals

E.Berg, M. Metlitski, and S. Sachdey, Science 338, 1606 (2012).
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Fermi surfacetantiferromagnetism
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Fermi surfacetantiferromagnetism
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" Resistivity |
\N L0 =+ AT

Strange BaFe,(As, P)),
200 Metal

(K)

T

100
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S. Kasahara, T. Shibauchi, K. Hashimoto, K. Ikada, S. Tonegawa, R. Okazaki, H. Shishido,
H. Ikeda, H.Takeya, K. Hirata, T. Terashima, and Y. Matsuda,
Physical Review B 81, 184519 (2010)
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Fermi surfacetantiferromagnetism
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Theory of quantum criticality in the cuprates

V4
\
V4
1 < y
\ Quantum ’
\ . . y 4

Fluctuating, , Critical "
paired Fermi \ y arge
\ Fermi

pockets ! E. G. Moon and

surface S. Sachdev, Phy.

Rev. B80, 035117
: : (2009)
d-wave
superconductor

h

(Spin density wave (SDW))

[ Competition between SDW order and superconductivity )
moves the actual quantum critical point to x = x4, < x,,.

\_
Monday, August 19, 13

J




Theory of quantum criticality in the cuprates
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Theory of quantum criticality in the cuprates
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(L 5) (T ) z

(Spin density wave (SDW))

'The metal has an instability to both d-wave superconductivity\
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Magnetic-field-induced charge-stripe order in the
high-temperature superconductor YBa,Cu;O,,

Tao Wu!, Hadrien Mayaffrel, Steffen Krimer', Mladen Horvati¢!, Claude Berthier', W. N. HardyQ’3 , Ruixing Liang2’3 ,D. A. Bonn??

& Marc-Henri Julien'
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@ There is an approximate pseudospin
symmetry in metals with antiferromagnetic
spin correlations.

@ The pseudospin partner of d-wave

superconductivity is an incommensurate
d-wave bond order

@ These orders form a pseudospin doublet,
which is responsible for the “pseudogap” phase.

M. A. Metlitski and S. Sachdev, Phys. Rev. B 85, 075127 (2010)
T. Holder and W. Metzner, Phys. Rev. B 85, 165130 (2012)

C. Husemann and W. Metzner, Phys. Rev. B 86, 085113 (2012)
M. Bejas, A. Greco, and H. Yamase, Phys. Rev. B 86, 224509 (2012)
K. B. Efetov, H. Meier, and C. Pépin, Nature Physics 9, 442 (2013).

S. Sachdev and R. La Placa, Phys. Rev. Lett. 111, 027202 (2013)

Monday, August 19, 13



Pseudospin symmetry of the exchange interaction

HJ:ZJij»S_{L"gj

1<]

with S; = %c;ra&aﬁci 5 1s the antiferromagnetic exchange interaction.

Introduce the Nambu spinor

Cip Cil
\IjiT N < Cl ) ’ \Ij’ii B ( _CTT )
() ()

Then we can write

1 R ol
H; = g Z Jij (\Ijzaaaaﬁqjiﬁa) ' (\Ij;’ybavéqjjéb)

1<J

where a, b are the Nambu indices. This form makes explicit the sym-
metry under independent SU(2) pseudospin transformations on each
site

\Ijz'oca — Ui,abqjiab

This pseudospin (gauge) symmetry is important in classifying spin
liquid ground states of H ;.

I. Affleck, Z. Zou, T. Hsu, and P. W. Anderson, Phys. Rev. B 38, 745 (1988)
E. Dagotto, E. Fradkin, and A. Moreo, Phys. Rev. B 38, 2926 (1988)
P. A. Lee, N. Nagaosa, and X.-G. Wen, Rev. Mod. Phys. 78, 17 (2006)
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Pseudospin symmetry of the exchange interaction

HtJ - th Cia ]Oé —I_ZJZJ

1<J

with S; = : Iaaagc 5 1s the antiferromagnetic exchange interaction.

Introduce the Nambu spinor

Cit Cil
\IjiT N < Cl ) ’ \Ij’ii B ( _CTT )
(4 (4

Then we can write

ZJZJ( zoza,gaﬁquﬂa) (\IjJr b0-75\pj5b)

1<J

where a, b are the Nambu indices. This form makes explicit the sym-
metry under independent SU(2) pseudospin transformations on each
site

\Ijz'oza — Ui,abqjiab

This pseudospin (gauge) symmetry is important in classifying spin

liquid ground states of H ;. It is fully broken by the electron hopping
t;; but does have remnant consequences in doped spin liquid states.

I. Affleck, Z. Zou, T. Hsu, and P. W. Anderson, Phys. Rev. B 38, 745 (1988)
E. Dagotto, E. Fradkin, and A. Moreo, Phys. Rev. B 38, 2926 (1988)
P. A. Lee, N. Nagaosa, and X.-G. Wen, Rev. Mod. Phys. 78, 17 (2006)
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Pseudospin symmetry of the exchange interaction

HtJ - th Cia ]a —I_ZJZJ

1<J

2 za
Introduce the Nambu spinor

Cit Cil
\IjiT N < Cl ) ’ \ij B ( _CTT )
(4 (4

Then we can write

with §; = 1! 00 BC; g 1s the antiferromagnetic exchange interaction.

ZJZJ ( zoza,azaﬁqjiﬁa) ' (\Ij;’yba’w\pjéb)

z<j

where a, b are the Nambu indices. This form makes explicit the sym-
metry under independent SU(2) pseudospin transformations on each
site

\Ijz'oca — Ui,abqjiab

This pseudospin (gauge) symmetry is important in classifying spin
liquid ground states of H ;. It is fully broken by the electron hopping
t;; but does have remnant consequences in doped spin liquid states.
[. Affleck, Z. Zou, T. Hsu, and P. W. Anderson, Phys. Rev. B 38, 745 (1988)

E. Dagotto, E. Fradkin, and A. Moreo, Phys. Rev. B 38, 2926 (1988)
P. A. Lee, N. Nagaosa, and X.-G. Wen, Rev. Mod. Phys. 78, 17 (2006)
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Pseudospin symmetry of the exchange interaction

HtJ o th Cia ]Oé _I_Z']’LJ

1<J

with §; = %cjac}’aﬁci g 1s the antiferromagnetic exchange interaction.
Introduce the Nambu spinor

CiT Cu
Wit =1 % , Y= i

Then we can write
1 R
= 2> i (0], GasWys) - (W], 0000 5)
i<

which is invariant under independent SU(2) pseudospin transforma-
tions on each site

Vi = UiVWiq

We will find important consequences of the pseudospin

symmetry in ordinary metals with antiferromagnetic
correlations.

M.A. Metlitski and S. Sachdev, Phys.Rev. B 85,075127 (2010)
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Pseudospin symmetry of the exchange interaction

Hiy = th CiaCja —|_ZJZ]

1<J

The tamiliar BCS factorization of the exchange interaction leads to

3Ji;
Hpcs = th] Cio Ja—kz / {Awsa[gcjacw + Awsaﬂc}:acﬁ + 2|A5| }
1<
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Pseudospin symmetry of the exchange interaction

Hiy = th CiaCja +ZJZ]

1<J

The tamiliar BCS factorization of the exchange interaction leads to

3J;i
HBC’S — th] Cia ]CV—|_Z / {A’L]‘SO&BCJO‘C’LB +Azggaﬁcja 35 +2|A’U‘ }
1<

However, we can also factorize in the particle-hole channel, by introducing
the bond order parameter P;;, and then the complete Hartree-Fock-BCS
factorization of the exchange interaction is

_E :tZ] CiaCja

3J7;' * 2
+- Z 43 [Aij&‘aﬁcja% T Aijgaﬁc;rac;rﬂ 2184 }
1<J

Hygr_pcs

3‘]@ * 2
+ ZTJ {P@JC;LQ za+PZJCjaCja+2|Pij’ }
1<J

Note that A;; and P;; appear with the same couplings: this is a manifes-
tation of the SU(2) pseudo-spin symmetry of the exchange interactions.
Ij the fermion hopping ¢;; was pseudo-spin invariant, the energy would

depend only on the combination |P;;]? + |A; .
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Fermi surfacetantiferromagnetism

(@) # 0

Metal with electron
and hole pockets

Metal with “large”
Fermi surface
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Fermi surfacetantiferromagnetism
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Pairing “glue” from antiferromagnetic fluctuations

V.]. Emery, J. Phys. (Paris) Colloq. 44, C3-977 (1983)

D.J. Scalapino, E. Loh, and J.E. Hirsch, Phys. Rev. B 34,8190 (1986)
K. Miyake, S. Schmitt-Rink, and C. M.Varma, Phys. Rev. B 34, 6554 (1986)
S. Raghu, S.A. Kivelson, and D.J. Scalapino, Phys. Rev. B 81,224505 (2010)
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Same “glue” leads to particle-hole pairing

A

M.A. Metlitski and S. Sachdev, Phys.Rev. B 85,075127 (2010)
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Hamiltonian at and near hot spots

_I_

—|—/d2m

_I_ L
_|_

vi-k | 0l ()0, (k)
vz -k J ok, k)., (k)
—vi -k 1, ()P, (K)
V2 -k | UL, (k)W (K)

I (W FasWoy + W, Fap¥ )

o i
°(\IJBWO-75\IJD5 \IJDVUVCS\I]BcS)
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Hamiltonian at and near hot spots

o Ek: _[Vl - | ¥a(¥ 10 k) This Hamiltonian
+ vk | ol (k)P (k) has an exact
+[-vi-k UL (KW, (k) SU(2)xSU(2)
+[~v2 -k | Uha ()W p, (k) pseudospin

+ [ @2z —J(\I/f Fog Uy + UL G50 )
/ Aa” P E0p Ca” b= AB M.A. Metlitski and S. Sachdey,
- T T Phys. Rev. B 85, 075127 (2010)
' (\IJny&WS\IJDcS \IijyO-’YCS\IchS)

symmetry !
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Hamiltonian at and near hot spots

o Ek: _[Vl - | ¥a(¥ 10 k) This Hamiltonian
+ vk | ol (k)P (k) has an exact
+[-vi-k UL (KW, (k) SU(2)xSU(2)
tvs -k ol (k)W (k) pseudospin

symmetry !

+ [ @2z —J(\I/f Fog Uy + UL G50 )
/ Aa” P E0p Ca” b= AB M.A. Metlitski and S. Sachdey,
- T T Phys. Rev. B 85, 075127 (2010)
' (\IJBWUWCS\PD& \IijyO-’YCS\IchS)

Perform standard Hartree-Fock-BCS factorizations into

As = (€apVaa¥VBs) = —(casVcaVDs)
Po = (Wi, ¥pa)=— (U, Vpa)

With pseudospin symmetry, energy depends only on |Ag|?+|Pgl?.
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Hamiltonian at and near hot spots

H=> |[vi-k+a(vi xk)?*] ¥} (k)T (k)

Fermi surtace

e e 1021 ¢ (T (K curvature; breaks
T :V2 +a(ve x k)| _ C?f( )V oalk) pseudospin symmetry
+ __Vl -k —+ CV(Vl X k)2_ \PBa(k)qua(k)
+ :_VQ -k T a(VQ X k)2: \Ij;)oz (k)\IjDoz (k)

+/d2x —J (\p;agaﬁqfcﬁ + \pgaﬁaﬁqfw)

o .
°(\IJBWO-75\IJD5 \IJD')/O-VCS\I]B(S)

Perform standard Hartree-Fock-BCS factorizations into
As = (€apVaa¥VBs) = —(casVcaVDs)
Po = (Wi, ¥pa)=— (U, Vpa)

With pseudospin symmetry, energy depends only on |Ag|?+|Pgl?.
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Hamiltonian at and near hot spots

H=> |[vi-k+a(vi xk)?*] ¥} (k)T (k)

_I_ L
_|_

—|—/d2x —J (\Ifjgaaaﬁqfcﬁ +

T
' (\IJBWUWCS\I!D(S

-V (\IJTLXOA\PCa T \PE’Q\IIA&) (\PTBﬁquB + \PEB\I]Bﬁ)

Perform standard Hartree-Fock-BCS factorizations into

As = (€apVaa¥VBs) = —(casVcaVDs)

Po = <‘I’]L4a‘1’Ba>:

+ [vo -k +a(ve x k)% U (k)T (k)
—vi -k +a(vi xk)?] U (k)T (k)
vy -k +alvy x k)] UL (k)T (k)

oﬁaﬁ‘I’A@)

'i' —
\IJnyO-’YCS\IchS)

o <\DTC(J¢\IJDO¢>

Fermi surface
curvature; breaks
pseudospin symimetry

Coulomb repulsion;
breaks
pseudospin symmetry

With pseudospin symmetry, energy depends only on |Ag|?+|Pgl?.
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<0Lacik5> = capAg(cosk, —cosk,)

V.]. Emery, J. Phys.
(Paris) Collog. 44,
C3-977 (1983)

D.). Scalapino, E. Loh,
and J.E. Hirsch, Phys.
Rev.B 34,8190 (1986)

K. Miyake, S. Schmitt- O
Rink, and C. M.Varma,

Phys. Rev. B 34, 6554
(1986)
S. Raghu, S.A. Kivelson,
and D.J. Scalapino,
o

O f.
KAS \
A . 4
Phys. Rev. B 81, 224505
(2010)
O O
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d-wave superconductor: particle-particle pairing
at and near hot spots, with
sign-changing pairing amplitude

Monday, August 19, 13



<CL_Q/2’aCk_|_Q/2’a> = Pq(cosk,; — cosk,)

Q is ‘2kp’
/f wavevector
Fq

After

pseudospin
rotation on

@ O
half the K —PQ/y
hot-spots ( / )
M.A. Metlitski and ® @
S. Sachdey,
Phys. Rev. B 85, \ /
075127 (2010) ®

Incommensurate d-wave bond order:
particle-hole pairing at and near hot spots, with
sign-changing pairing amplitude
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Mean-field theory of charge/bond order and
d-wave superconductivity

Both orders are induced by a “glue” provided by the antiferromagnetic
exchange interaction

04 A o
| superconductivity
031
02
_ Pbond order
0.1"
o1 02 03 04 05
T

S.Sachdev et al.,, to appear

Monday, August 19, 13



Incommensurate d-wave bond order

M. A. Metlitski and
S. Sachdey,
Phys. Rev. B 85,075127
(2010)

<CL_Q/27aCk_|_Q/2,a> = Aq(cosk, — cosk,)
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Incommensurate d-wave bond order

M. A. Metlitski and
S. Sachdey,
Phys. Rev. B 85,075127
(2010)

<CL_Q/27aCk_|_Q/2,a> = Aq(cosk, — cosk,)
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Particle-hole instabilities of the full Fermi surface

HtJ - th Cia ]a _I_ZJ’LJ

1<

Optimize the free energy w.r.t. a mean field Hamiltonian
which allows for spin-singlet charge order (Pqg(k)):

Hyrp = —th CiaCja ZPQ k+Q/2a “k-Q/2,0

Expanding the free energy in powers of the order parame-
ters we obtain

F=Fy+ ) P§k)Mq(kk')Pqy(k
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S.Sachdev and R. La Placa, Phys. Rev. Lett. 1 1 ,027202 (2013)

7

-0.080 I

-0.274

Time-reversal
preserving

0
0 Qa m
Charge-ordering eigenvalue \q/Jy of particle-hole propagator.
The corresponding eigenvector is Pg(k) and this leads to the order

(Yo't Xo"
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S.Sachdev and R. La Placa, Phys. Rev. Lett. 1 I 1,027202 (2013)
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-0.080 l

‘ PQ(k) —
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d-wave bond order
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—0.069(cos(2k,) — cos(2k,))
—0.009(cos k; — cos ky)

X V/8&sin k,, sin k,,

Wz

A

Charge-ordering eigenvalue \q/Jy of particle-hole propagator.
The corresponding eigenvector is Pg(k) and this leads to the order

) Paienic ] catenor

T
<Ciozcjoa
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o

(£Q0, Qo)

0.5

Remarkable agreement between
the value of (),, from
Hartree-Fock in a metal with
short-range incommensurate
spin correlations,
and the value of )y from
hot spots of commensurate

antiferromagnetism.

1.2

Monday, August 19, 13



S.Sachdev and R. La Placa, Phys. Rev. Lett. 1 I 1,027202 (2013)
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S.Sachdev and R. La Placa, Phys. Rev. Lett. 1 1 ,027202 (2013)
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S.Sachdev and R. La Placa, Phys. Rev. Lett. 1 1 ,027202 (2013)

n -0.080 I
Q= (7, ) with A
Qy Pq(k) = i(sink, — sink,)
Staggered orbital currents
Time-reversal
preserving
0
0 Qu m

Charge-ordering eigenvalue \q/Jy of particle-hole propagator.
The corresponding eigenvector is Pg(k) and this leads to the order
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Charge-ordering eigenvalue \q/Jy of particle-hole propagator.
The corresponding eigenvector is Pg(k) and this leads to the order
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T -0.080
e-reversal I
breaking
Qy r ) I 2
Q = (0,0) with
Pq(k) = cos k; — cos k,
Time-reversal Ising-nematic Orderj
0

0 Qz d
Charge-ordering eigenvalue \q/Jy of particle-hole propagator.
The corresponding eigenvector is Pg(k) and this leads to the order

<(;.r . > = [, Po(k)elkri—ri)] i@ (ritr;)/2
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Time-reversal
preserving

0
0 Qa m
Charge-ordering eigenvalue \q/Jy of particle-hole propagator.
The corresponding eigenvector is Pg(k) and this leads to the order
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1Q = (Qu,0) with F013)

-0.080
Pgo(k) = 0.963(cosk, — cosk,) l
—0.231
—0.067(cos(2k,) — cos(2k,))
—0.044(cos k, + cos k)
—0.046(cos(2k; ) + cos(2k,))

Incommensurate 0974 I
d +s -wave bond order e

w

Time-revdgsal
preservin

0
0 Q. T

Charge-ordering eigenvalue \q/Jy of particle-hole propagator.
The corresponding eigenvector is Pg(k) and this leads to the order

<Czozcja> = [Zk PQ(k)eik'(ri—I'j)] oiQ-(ri+r;)/2
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Incommensurate d-wave bond order

Observed low T
ordering.

\

also at this Q.

/

This Q is preferred in
computations of bond
order within the
superconducting phase.

Our computations show
/ \ that the charge order is
predominantly d-wave

S.Sachdev and R. La Placa, Physical Review Letters in press; arXiv:1303.21 14
M.Voijta and S. Sachdey, Physical Review Letters 83,3916 (1999)
M.Vojta and O. Rosch, Physical Review B 77,094504 (2008)
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Incommensurate d-wave bond order

Plot of P;; = <c;.racja> for 7, 7 nearest neighbors.

+1I

Unidirectional order along Q = (47 /11, 0)
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Incommensurate d-wave bond order

Plot of P;; = <c;-racja> for 7, 7 nearest neighbors.
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Bi-directional order along Q = (47 /11,0) and (0,47 /11).
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Incommensurate d-wave bond order

Plot of P;; = <c;.racja> for 7, 7 nearest neighbors.

--.:. - -Ii

+1I

=

Unidirectional order along Q = (47 /11,47 /11)
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Incommensurate d-wave bond order

Plot of P;; = <c;-racja> for 7, 7 nearest neighbors.

P
2 NN
R i
T =4

s i
2 NN W

Bi-directional order along Q = (47 /11,47 /11) and (47w /11, —47/11)
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Incommensurate d-wave bond order

Photoemission spectrum ImG (k,w = i07);
right panel shows log ImG(k,w = i07)

-
S
______

0 k. TOo k. T

Bi-directional order along Q = (47 /11,0) and (0,47 /11).
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Incommensurate d-wave bond order

Photoemission spectrum ImG (k,w = i07);
right panel shows log ImG(k,w = i07)

0 kaz T 0 kx T

Bi-directional order along Q = (47 /11,47 /11) and (47 /11, —47/11)
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Summary

Antiferromagnetism in metals and the
high temperature superconductors

@ Antiferromagnetic quantum criticality leads to
d-wave superconductivity (supported by sign-problem-

free Monte Carlo simulations)
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Summary

Antiferromagnetism in metals and the
high temperature superconductors

@ Antiferromagnetic quantum criticality leads to
d-wave superconductivity (supported by sign-problem-
free Monte Carlo simulations)

@ Metals with antiferromagnetic spin correlations have
nearly degenerate instabilities: to d-wave
superconductivity, and to a charge density wave with a d-
wave form factor. This is a promising explanation of the
pseudogap regime.
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