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Quantum oscillations and the Fermi surface in an
underdoped high-T, superconductor

Nicolas Doiron-Leyraud’, Cyril Proust®, David LeBoeuf', Julien Levallois® Jean-Baptiste Bonnemaison’,

Ruixing Liang™*, D. A. Bonn*, W. N. Hardy>* & Louis Taillefer"*
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Twotold twisted Fermi surface from staggered order in
an underdoped high 7. superconductor

Suchitra E. Sebastian,'* N. Harrison,? F. F. Balakirev,2 M. M. Altarawneh,??
Ruixing Liang,*® D. A. Bonn,*® W. N. Hardy,** G. G. Lonzarich,’
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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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An Intrinsic Bond-Centered Electronic
Glass with Unidirectional Domains
in Underdoped Cuprates

Y. Kohsaka,* C. Taylor," K. Fujita,”? A. Schmidt,* C. Lupien,? T. Hanaguri,* M. Azuma,’
M. Takano,® H. Eisaki,® H. Takagi,* S. Uchida,”’ J. C. Davis™%*

? MARCH 2007 VOL 315 SCIENCE
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Direct observation of competition between
superconductivity and charge density wave
order in YBa,Cu3O¢ ¢

J. Chang'?*, E. Blackburn3, A. T. Holmes3, N. B. Christensen?, J. Larsen*>, J. Mesot'?,
Ruixing Liang®’, D. A. Bonn®’, W. N. Hardy®’, A. Watenphul®, M. v. Zimmermann?, E. M. Forgan3
and S. M. Hayden®

NATURE PHYSICS | VOL 8 | DECEMBER 2012 |
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Thermodynamic phase diagram of static charge
order in underdoped YBa,Cus0,

David LeBoeuf'*, S. Kramer?, W. N. Hardy>#, Ruixing Liang>#, D. A. Bonn®>* and Cyril Proust'4*

NATURE PHYSICS | VOL 9 | FEBRUARY 2013
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The comparison of different acoustic modes
indicates that the charge modulation is biaxial, which differs
from a uniaxial stripe charge order.
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QOutline

| . Antiferromagnetism in metals:
low energy theory

2. d-wave superconductivity

3. Emergent pseudospin symmetry,
and bond order

4. Quantum Monte Carlo
without the sign problem
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Fermi surfacetantiferromagnetism

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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The Hubbard Model

t;; — “hopping”. U — local repulsion, p — chemical potential

Spin index a =1, |

_ AT
Niaw = C;,,Cia

i P
CinCip T CjpCio, = 0ij0ap

CiaCjip + CjgCiq = 0
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The Hubbard Model

Decouple U term by a Hubbard-Stratanovich transformation

S = /d27"d7' Lo+ L, + Loy
L.=cle(—iV)e,

0o
6
|

“Yukawa” coupling between fermions and

antiferromagnetic order:
\? ~ U, the Hubbard repulsion
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Fermi surfacetantiferromagnetism

Metal with “large” Fermi surface
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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

-
7\
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Electron and hole pockets in
antiferromagnetic phase with (J) # 0




Fermi surfacetantiferromagnetism

(@) # 0 (@) =0

Metal with electron
and hole pockets

Metal with “large”
Fermi surface

r

S. Sachdev, A.V. Chubukov, and A. Sokol, Phys. Rev.B 51, 14874 (1995).
A.V. Chubukov and D. K. Morr, Physics Reports 288, 355 (1997).
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Fermi surfacetantiferromagnetism

Rest of
the talk

(@) =0

Metal with “large”

Fermi surface

_——————————>
/'a

S. Sachdev, A.V. Chubukov, and A. Sokol, Phys. Rev.B 51, 14874 (1995).
A.V. Chubukov and D. K. Morr, Physics Reports 288, 355 (1997).
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Fermi surfacetantiferromagnetism

“Hot” spots

Saturday, March 16, 13



Low energy theory for critical point near hot spots
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Low energy theory for critical point near hot spots
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Theory has fermions 11 5 (with Fermi velocities v o)
and boson order parameter ¢,
interacting with coupling A

Vi Vo

>
<

1 fermions o fermions
occupied occupied
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| . Antiferromagnetism in metals:
low energy theory
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2. d-wave superconductivity
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3. Emergent pseudospin symmetry,
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Pairing by SDWV fluctuation exchange

We now allow the SDW field ¢ to be dynamical, coupling to elec-
trons as

_ S
Hyqw =— Y  Bq" Ch oFapCltKta,-
k7q7a7/6

Exchange of a ¢ quantum leads to the effective interaction

1
Hee = 5 S: S: S: Vaﬁms(Q)CL,aCkJrq,ﬁClTa,wcp—q,(Sv
q p7775 k7a7/8

where the pairing interaction is

X0
(24 (q-K)?’

Vaﬁ,q/é(q) — 0_3ozﬁ ' 0_375

with yo&? the SDW susceptibility and € the SDW correlation length.
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BCS Gap equation

In BCS theory, this interaction leads to the ‘gap
equation’ for the pairing gap Ak x (cxrc—k|)-

SX() A
(i)
Z 52_|_(p k — K 2\/82—|—A2

Non-zero solutions of this equation require that
Ay and A, have opposite signs when p — k ~ K.
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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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<cltach_k5> = capAg(cosk, —cosk,)

Unconventional pairing at and near hot spots
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QOutline

| . Antiferromagnetism in metals:
low energy theory

2. d-wave superconductivity

.

3 Emergent pseudospin symmetry,

and bond order

N

Y,

4. Quantum Monte Carlo
without the sign problem
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Theory has fermions 11 5 (with Fermi velocities v o)
and boson order parameter ¢,
interacting with coupling A

Vi Vo

>
<

1 fermions o fermions
occupied occupied
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Theory has fermions 11 5 (with Fermi velocities v o)
and boson order parameter ¢,
interacting with coupling A

Vi Vo

>
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Theory has fermions 11 5 (with Fermi velocities v o)
and boson order parameter ¢,
interacting with coupling A

This low-energy theory is invariant under
particle-hole transformation. Particles and

holes both have spin $=1/2,and have only
spin-spin interactions

1 fermions o fermions
occupied occupied
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<cltach_k5> = capAg(cosk, —cosk,)

Unconventional pairing at and near hot spots
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<CL_Q/2,aCk_|_Q/2,a> = Aq(cosk,; —cosky,)

After o ° Q is 2%y’

pseudospin

wavevector
rotation /
AqQ

S. Sachdey,
Phys. Rev. B 85,075127
(2010)

K. B. Efetov, H. Meier, ‘ ‘

and C. Pepin,

arXiv:1210.3276 \ /

M.A. Metlitski and (

Unconventional particle-hole pairing at and near hot spots
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<CL_Q/27aCk+Q/2,a> = Aq(cosk,; —cosky,)

After ° o Q is 2kp’

pseudospin

wavevector
rotation /
AqQ

S. Sachdey,
Phys. Rev. B 85,075127
(2010)

K. B. Efetov, H. Meier, ‘ ‘

and C. Pepin,

arXiv:1210.3276
® corresponds to a

M.A. Metlitski and (

2k bond-nematic or a
quadrupole density wave

Unconventional particle-hole pairing at and near hot spots
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Incommensurate bond order

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

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

., o M N “ .
= Bond density
. measures amplitude
= I e for electrons to be
in spin-singlet
k k. k =.= valence bond.
M. A. Metlitski and
.- ¥ :- ..! I S.Sazhtclev,
= =l Phys. Rev. B 85, 075127
(2010)
¥ =
<CiaCsa> - S: S: ' QR 2 ey <CIT<—Q/2,ack+Q/2’O‘>
Q k

where Q extends over‘Q = (£Qo, ﬂ:Qo)‘With Qo = 27/(7.3) and

<CL_Q/2’aCk+Q/27a> = Aq(cos k; — cosky)

Note <ciacsa> is non-zero only when r,s are nearest neighbors.
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Hartree-Fock computation on lattice model

1

H = Zk: e(k) € 1~ 37 2, XD S (-0) - S(@)
q

> ¥ N
$(Q) = 2k Cpyqa TaB Crp

S.Sachdev and R. La Placa, arXiv:1303.21 14
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Hartree-Fock computation on lattice model

1 B 3
H = Z (k) Crn = 35 Z X(@)S(=q)-5(q).
k q

2V

> ¥ N
S(Q) = 2k ChigaTapCry

Hyr = Z e(k) CL,aCk,a + As(K) €5 Ck.oC-kp + H.C.
k o

i
T Z AQ(k) Ck+Q/2,aCk—Q/2,a ?
Q |

F < Fyr+{H—-Hyr)ur

S.Sachdev and R. La Placa, arXiv:1303.21 14
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Hartree-Fock computation on lattice model

1

H = Zk: e(k) € 1~ 37 2, XD S (-0) - S(@)
q

> ¥ N
$(Q) = 2k Cpyqa TaB Crp

Hyr = Z e(k) c};’ack,a + As(K) €5 Ck.oC-kp + H.C.
k o

i
T Z AQ(k) Ck+Q/2,aCk—Q/2,cv ?
Q |

Expand F' to second order in Ag(k) and Ag(k),

and obtain lowest eigenvalues Ag and Aq and
corresponding eigenvectors Ag(k) and Ag (k).

S.Sachdev and R. La Placa, arXiv:1303.21 14
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Hartree-Fock computation on lattice model

s -0.080 I
Q I
7 ’ -0.274

0

0 Qu m
Charge-ordering eigenvalue \q.

S.Sachdev and R. La Placa, arXiv:1303.21 14
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Hartree-Fock computation on lattice model

Aq(k) = ) cqy (k)

Y

Y Wy (k) Q = Q= | Q= = |As(k)
(1.15,1.15)|(1.15, 0)| (0,0) | (m, )

s 1 0 -0.231 0 0 0

s" | cosky + cosk, 0 0.044 0 0 0
s | cos(2k,) + cos(2ky) 0 -0.046 0 0 0

d| cosk,—cosk, 0.993 0963 (0997 0 |0.997
d’ |cos(2ky) — cos(2k,)| - 0.069 -0.067 |-0.057| O |-0.056
d’| 2sink,sink, 0 0 0 0 0
Dx V2 sin k, 0 0 0 |0706| O
Dy V2sink, 0 0 0 [-0.706| O

g | (cosk,—cosk,) -0.009 0 0 0 0

X V8 sin k, sin k,

Charge-ordering eigenvector

S.Sachdev and R. La Placa, arXiv:1303.21 14
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Hartree-Fock computation on lattice model

-0.080 I

T

-0.274

Ising-
nematic
order

Charge-ordering eigenvalue \q.

S.Sachdev and R. La Placa, arXiv:1303.21 14
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Hartree-Fock computation on lattice model

7 “d-density |
wave’’
orbital-
currents
: )
Y 0.274
0
0 Qx T

Charge-ordering eigenvalue \q.

S.Sachdev and R. La Placa, arXiv:1303.21 14
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Hartree-Fock computation on lattice model

s -0.080I
@y Incommen- _0,274I
surate bond
order
0
0 Q) T

Charge-ordering eigenvalue \q.

S.Sachdev and R. La Placa, arXiv:1303.21 14
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Incommensurate bond order

., o M N “ .
= Bond density
. measures amplitude
= I e for electrons to be
in spin-singlet
k k. k =.= valence bond.
M. A. Metlitski and
.- ¥ :- ..! I S.Sazhtclev,
= =l Phys. Rev. B 85, 075127
(2010)
¥ =
<CiaCsa> - S: S: ' QR 2 ey <CIT<—Q/2,ack+Q/2’O‘>
Q k

where Q extends over‘Q = (£Qo, ﬂ:Qo)‘With Qo = 27/(7.3) and

<CL_Q/2’aCk+Q/27a> = Aq(cos k; — cosky)

Note <ciacsa> is non-zero only when r,s are nearest neighbors.
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:ﬂ Incommensurate bond order

+1I

“Bond density”

measures amplitude

E for electrons to be

in spin-singlet
g:l =$ valence bond.

e |

=

i:—l

! T
(latsa) = S: S: e <CI{—Q/2,ack—|—Q/2,a>

L
Q k

where Q extends over‘Q = (+Qo,0), (0, :IZQo)‘With Qo =27 /(7.3)
and

<CL_Q/2’aCk_|_Q/2’a> = Aq(cos ky — cos ky)

Note <Ciacsa> is non-zero only when r, s are nearest neighbors.

Saturday, March 16, 13



Hartree-Fock computation on lattice model

-
ky
° 0 k. T 0 k. T
ImG (k,w + in) log ImG(k, w + in)
; | Ay +Ay(cosk, —cosky) , Q= (x0o,0)
<Cl~c—Q/2,aCk+Q/2,a> o< Aqlk) = { A, — Ay(cosk, — cos ki) . Q =(0,+0y)

with Ag/A; = —0.234.

S.Sachdev and R. La Placa, arXiv:1303.21 14
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and bond order
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without the sign problem
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QOutline

| . Antiferromagnetism in metals:
low energy theory

2. d-wave superconductivity

3. Emergent pseudospin symmetry,
and bond order

4. Quantum Monte Carlo
without the sign problem

. J

Saturday, March 16, 13



Low energy theory for critical point near hot spots
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QMC for the onset of antiferromagnetism

Hot spots in a single band model
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QMC for the onset of antiferromagnetism

E. Berg,

M. Metlitski, and
S. Sachdey,
Science 338, 1606
(2012).

Hot spots in a two band model
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QMC for the onset of antiferromagnetism

Faithful

realization
of the E. Berg,
generic M. Metlitski, and

S. Sachdey,
universal Science 338, 1606
low

(2012).

energy
theory for
the onset
of
antiferro-
magnetism.

Hot spots in a two band model
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QMC for the onset of antiferromagnetism

E. Berg,

M. Metlitski, and
S. Sachdey,
Science 338, 1606
(2012).

Hot spots in a two band model
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QMC for the onset of antiferromagnetism

Sign
. E. Berg,
problem is M. Metlitski, and
S. Sachdey,
absent as Science 338, 1606
long as K (2012).

connects
hotspots in
distinct
bands

Hot spots in a two band model
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QMC for the onset of antiferromagnetism

Sign
. E. Berg,
problem is M. Metlitski, and
S. Sachdey,
absent as Science 338, 1606
long as K (2012).

connects
hotspots in
distinct
bands

Particle-hole or
point-group
symmetries or

commensurate
densities not
required !

Hot spots in a two band model
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QMC for the onset of antiferromagnetism

Electrons with dispersion ey
interacting with fluctuations of the
antiferromagnetic order parameter .

— /Dcaﬂgﬁexp (—S)
0
— /dek:cLa (5’7‘ 5k> Cka
1
—|-/de2$ 2 (V.3)" + ggﬁz + ..

_)\/dTngz Cmgagczg
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QMC for the onset of antiferromagnetism

Electrons with dispersions 51(53) and 51(3)

interacting with fluctuations of the
antiferromagnetic order parameter .

E. Berg,
/ D DY DG exp (—S) M. Metlitski, and
S. Sachdey,
Science 338, 1606
_ /dTZCI(gT ( (w)) 01(52 (2012).

o far el (g )k
> |1 2 T 9
+ [ drd°x §(Vx90) + ="+ ...

/dT Z Di - ) gﬁ&’a[gc%) + H.c.
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QMC for the onset of antiferromagnetism

Electrons with dispersions 51(53) and 51(3)

interacting with fluctuations of the
antiferromagnetic order parameter .

E. Berg,

/ D DY DG exp (—S) M. Metlitski, and
S. Sachdey,

Science 338, 1606
T T €T 2012).
:/dTZCfm?T( <>>Cl<m> 2012)

o far el (g )k
B 1 | No sign problem !

/dTngz ) giﬁﬁa CE%) + H.c.
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QMC for the onset of antiferromagnetism

Electrons with dispersions 51(53) and 51(3)

interacting with fluctuations of the
antiferromagnetic order parameter .

E. Berg,
M. Metlitski, and
S. Sachdey,
Science 338, 1606

=)
(fL’)) 61(52 (2012).

Applies without
changes to the
microscopic band
structure in the
iron-based
superconductors

/Dc(x)Dc(y)Dgp exp (
ko
/ dfchz.z* ( ) et
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QMC for the onset of antiferromagnetism

Electrons with dispersions 51(53) and 51(3)

interacting with fluctuations of the
antiferromagnetic order parameter .

E. Berg,

/ D DY DG exp (—S) M. Metlitski, and

S. Sachdey,
Science 338, 1606

_ / dTZCl({szT( @) o) (2012),

Can integrate out ¢ to

. obtain an extended
b [ar Sl (5~ ) ) | b mod T

k interactions in this model
1 " r 7 | only couple electrons in
+ / d7d233 5 (ngﬁ) -+ 552 + ... separate bands.

—)\/dTngz ) gﬁ&’a[gc%) + H.c.
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QMC for the onset of antiferromagnetism

E. Berg,

M. Metlitski, and
S. Sachdey,
Science 338, 1606
(2012).

Hot spots in a two band model
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QMC for the onset of antiferromagnetism

1
i E. Berg,
O 5 M. Metlitski, and
S. Sachdey,
Science 338, 1606
(2012).
| =
\>\ O !
—0.5

Center Brillouin zone at (mt,m,)
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QMC for the onset of antiferromagnetism

1
a)
I E. Berg,
O .5 M. Metlitski, and
Q S. Sachdey,
e "] Science 338, 1606
(2012).
= K
= 0f -
oA
—0.5
—1

Move one of the Fermi surface by (m,m,)
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QMC for the onset of antiferromagnetism

1
a)
i E. Berg,
O .5 M. Metlitski, and
S. Sachdey,
Science 338, 1606
(2012).
| =
\>\ O ! -
—0.5
—1

Now hot spots are at Fermi surface intersections

Saturday, March 16, 13




QMC for the onset of antiferromagnetism

1

0.5]

—1

0)

[}

|

E. Berg,

M. Metlitski, and
S. Sachdey,
Science 338, 1606
(2012).

Expected Fermi surfaces in the AFM ordered phase
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QMC for the onset of antiferromagnetism

r=-0.5 r=0 r=0.5

.1 -

-1 0 1 -1 1 -1 0
k /7t k /7t
X X

Electron occupation number ny
as a function of the tuning parameter r

E. Berg, M. Metlitski, and S. Sachdey, Science 338, 1606 (2012).
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QMC for the onset of antiferromagnetism
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QMC for the onset of antiferromagnetism

s/d pairing amplitudes P, /P_
as a function of the tuning parameter r

E. Berg, M. Metlitski, and S. Sachdey, Science 338, 1606 (2012).
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Conclusions

@ 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.
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Conclusions

@ 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.

€ New sign-problem-free quantum Monte Carlo for
studying such metals. Obtained (first 7) convincing
evidence for unconventional superconductivity at
strong coupling.

@ Good prospects for studying competing charge
orders, and non-Fermi liquid physics at non-zero
temperature.
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