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Abstract: <span>It has long been known that a metal near an instability
to antiferromagnetism also has a weak-coupling Cooper instability to
spin-singlet d-wave-like superconductivity.

However, the theory of the antiferromagnetic quantum
critical point flows to strong-coupling in two spatial dimensions, and so the
fate of the superconductivity has also been unclear.

| will describe a method to realize the generic

antiferromagnetic quantum critical in ametal in a sign-problem-free Monte
Carlo simulation. Results showing Fermi surface reconstruction and
unconventional spin-singlet superconductivity across the critical point are
obtained.</span>
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Electron-doped cuprate superconductors
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Electron-doped cuprate superconductors
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Pirsa: 12070009 Page 6/79



[ R.(\sistivity] n BaFe,(As,

]

0.6

K. Hashimoto, K. Cho, T. Shibauchi, S. Kasahara,Y. Mizukami, R. Katsumata, Y. Tsuruhara, T. Terashima,
H. Ikeda, M. A.Tanatar, H. Kitano, N. Salovich, R.WV. Giannetta, P Walmsley, A. Carrington, R. Prozorov,
and Y. Matsuda, Science 336, 1554 (2012).

Pirsa: 12070009 Page 7/79



0 O
O 0.2

K. Hashimoto, K. Cho, T. Shibauchi, S. Kasahara,Y. Mizukami, R. Katsumata, Y. Tsuruhara, T. Terashima,
H. Ikeda, M. A.Tanatar, H. Kitano, N. Salovich, R.WV. Giannetta, P Walmsley, A. Carrington, R. Prozorov,
and Y. Matsuda, Science 336, 1554 (2012).

Pirsa: 12070009 Page 8/79



[ Resistivity ] n BaFes(As,

e

0.6

K. Hashimoto, K. Cho,T. Shibauchi, S. Kasahara,Y. Mizukami, R. Katsumata, Y. Tsuruhara, T. Terashima,
H. Ikeda, M. A.Tanatar, H. Kitano, N. Salovich, R.WV. Giannetta, P Walmsley, A. Carrington, R. Prozorov,
and Y. Matsuda, Science 336, | 554 (2012).

Pirsa: 12070009 Page 9/79



';Eil‘w(‘-_{r(f\Hl T I)_,.)-_'

20 *
‘&
.

'i Si Ba

0O O
O 0.2

K. Hashimoto, K. Cho, T. Shibauchi, S. Kasahara,Y. Mizukami, R. Katsumata, Y. Tsuruhara, T. Terashima,
H. Ikeda, M. A.Tanatar, H. Kitano, N. Salovich, R.WV. Giannetta, P Walmsley, A. Carrington, R. Prozorov,
and Y. Matsuda, Science 336, 1554 (2012).

Pirsa: 12070009

Page 10/79



Lower T. superconductivity in the heavy fermion compounds
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G. Knebel, D. Aoki, and J. Flouquet, arXiv:091 1.5223.
Tuson Park, F Ronning, H. Q.Yuan, M. B. Salamon, R. Movshovich,
J. L. Sarrao, and ). D. Thompson, Nature 440, 65 (2006)
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Outline

| . Weak-coupling theory for the onset of
antiferromagnetism in a metal

2. Quantum field theory of the onset of
antiferromagnetism in a metal

3. Quantum Monte Carlo without the sign problem

4. Fractionalization in metals,
and the hole-doped cuprates
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The Hubbard Model
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“hopping”. U — local repulsion, ;¢ — chemical potential

Spin index o
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The Hubbard Model

Decouple U term by a Hubbard-Stratanovich transformation

S / drdr (L. + L, + Lo,
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“Yukawa” coupling between fermions and
antiferromagnetic order:
o i :
A“ ~ U, the Hubbard repulsion
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The Hubbard Model

Decouple U term by a Hubbard-Stratanovich transformation

S / d?’rdr [L. + L, + L]
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“Yukawa” coupling between fermions and
antiferromagnetic order:

A? ~ U, the Hubbard repulsion
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Fermi surface+antiferromagnetism

Metal with “large”
Fermi surface
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Fermi surface+antiferromagnetism

Mean field theory

[n the presence of spin density wave order, ¢ at wavevector
K = (7,7), we have an additional term which mixes electron

states with momentum separated by K

-

= T .
Ilr-;:l\\' ;s k‘”(Tr\.ﬂ(k-K..f

where & are the Pauli matrices. T'he electron dispersions ob-
tained by diagonalizing Hy + H.qw for ¢ o< (0,0,1) are

Ek + Ck+K ) \/(‘k Ck+K
.) i .)
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Fermi surfacet+antiferromagnetism

Mean field theory

[n the presence of spin density wave order, ¢ at wavevector
K = (7,7), we have an additional term which mixes electron

states with momentum separated by K

3 Nl 2 :
Ilr-::l\\' = k o 7apBCk+K, /3

where & are the Pauli matrices. T'he electron dispersions ob-
tained by diagonalizing Hy + H.qw for ¢ o< (0,0,1) are

Ek + Ek+K i Sk Ck+K
2 R 2
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Fermi surface+antiferromagnetism

“Hot” spots

Pirsa: 12070009 Page 19/79



Pirsa: 12070009

Fermi surface+antiferromagnetism

Mean field theory

[In the presence of spin density wave order, ¢ at wavevector
K = (7,7), we have an additional term which mixes electron

states with momentum separated by K
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where & are the Pauli matrices. T'he electron dispersions ob-
tained by diagonalizing Hy + H.qw for ¢ o< (0,0,1) are
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Fermi surface+antiferromagnetism

“Hot” spots
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Fermi surface+antiferromagnetism
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Electron and hole pockets in
antiferromagnetic phase with (g) # 0O
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Fermi surface+antiferromagnetism

| / / \ \\.

(P) # 0 ‘ 0

Metal with electron Metal with “large”
and hole pockets Fermi surface

<€
Increasing interaction

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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The Hubbard Model

Decouple U term by a Hubbard-Stratanovich transformation

S / drdr (L. + L, + Loy,

('(_i;j( —t V),

P
( (Tr.ff)([)'

Cc@ p (8}

L

“Yukawa” coupling between fermions and
antiferromagnetic order:

A? ~ U, the Hubbard repulsion
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Photoemission in Nd->..Ce.CuQ.

N. P Armitage et al.,, Phys. Rev. Lett. 88, 257001 (2002).
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Quantum oscillations

Nd- Ce ,.CuQ,

! {

T. Helm, M.V. Kartsovnik,
M. Bartkowialk, N. Bittner,
M. Lambacher, A. Erb, J. Wosnitza,
and R. Gross,
Phys. Rev. Lett. 103, 157002 (2009)

(arb. units)
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d -wave pairing near a spin-density-wave instability

D. J. Scalapino, E. Loh, Jr.,* and J. E. Hirsch'
Institute for Theoretical Physics, University of California, Santa Barbara, California 93106
(Received 23 June 1986)

We investigate the three-dimensional Hubbard model and show that paramagnon exchange near
a spin-density-wave instability gives rise to a strong singlet d-wave pairing interaction. For a cu-
bic band the singlet (dxz_y: and d,,2_,2) channels are enhanced while the singlet (d., ,d.:.dy:)
and triplet p-wave channels are suppressed. A unique feature of this pairing mechanism is its
sensitivity to band structure and band filling.

Physical Review B 34,8190 (1986)
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Pairing by SDWVV fluctuation exchange

We now allow the SDW field & to be dynamical, coupling to elec-
trons as
H g w Pa  Cu.aasBCk+K+q,3
k.(l,-‘\,‘f

Exchange of a & quantum leads to the effective interaction

l/,‘,‘ Z Z Z \” 3.~ ((1)(‘:(.:\(‘1‘*‘1- H.l[’-‘.‘(’l’ .o s

»,v,0 K,ov,

where the pairing interaction is

/\2

‘;..f.qa((l) o .f.(j:‘l,r\ -
E7 <+ (q

with AZ£% the SDW susceptibility and & the SDW correlation length.
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Pairing by SDWV fluctuation exchange

BCS Gap equation

In BCS theory, this interaction leads to the ‘gap
equation’ for the pairing gap Ag o< (CrnC—xk)-

A Z( 32 ) A,
Ko =0 1 TN
5 £ +(P k K) 2‘/5%+A12)

Non-zero solutions of this equation require that
Ay and Ap have opposite signs when p — k ~ K.
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Pairing “‘glue’ from antiferromagnetic fluctuations
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Fermi surface+antiferromagnetism
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Metal with electron Metal with “large”
and hole pockets Fermi surface

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 surface+antiferromagnetism
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Fluctuating, ot ,' Large

paired Fermi 3 ! Fermi

D : .’ surface . A. Metlitski and
: y S. Sachdev,
Physical Review

B 82, 075128 (2010)

d-wave
superconductor

(Spin density wave (SDW))

Pairing “glue” from antiferromagnetic fluctuations
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At stronger coupling,
different effects compete:

e Pairing glue becomes stronger.
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At stronger coupling, |
different effects compete: i

e Pairing glue becomes stronger.

r 3\ - g -

e T'here is stronger fermion-boson
scattering, and fermionic quasi-
particles lose their integrity.

Pirsa: 12070009 Page 35/79



At stronger coupling,
different effects compete: |

e Pairing glue becomes stronger.

There 1s stronger fermion-boson
scattering, and fermionic quasi-

a -.\H (H\ . \.'- \“-_._'.
yarticles lose their integrity

Other instabilities can appear .
. : Q0 O
e.qg. to charge density waves/stripe \,j

order.
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Outline

| . Weak-coupling theory for the onset of
antiferromagnetism in a metal

2. Quantum field theory of the onset of
antiferromagnetism in a metal

3. Quantum Monte Carlo without the sign problem

4. Fractionalization in metals,
and the hole-doped cuprates
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“Hot” spots
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Theory has fermions v, o (with Fermi velocities v o)

and boson order parameter o,

interacting with coupling A

1 fermions

occupied

V]

Vo

Yo fermions
occupied
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In d = 2, we must work in local theores
which keeps both the order parameter and
the Fermi surface quasiparticles “alive”

The theories can be organized in a 1//N ex-
pansion, where /N is the number of fermion

“Havors”

At subleading order, resummation of all

“planar” graphics is required (at least): this

theory is even more complicated than QCD.

Sung-Sik Lee, Phys. Rev. B 80, 165102 (2009)

M. A. Metlitski and S. Sachdeyv, Phys. Rev. B 85,075127 (2010)
M. A. Metlitski and S. Sachdeyv, Phys. Rev. B 85, 075128 (2010)
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Two loop results: Non-Fermi liguid spectrum at hot spots

L
(’11‘I'III1(>II By

e

A. J. Millis, Phys. Rev. B 45, 13047 (1992)
Ar.Abanov and A.V. Chubukov, Phys. Rev. Lett. 93, 255702 (2004)
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Two loop results: Quasiparticle weight vanishes

upon approaching hot spots

Z(AH) ~ '(’/n(/:'”) ~~ /\'H

M. A. Metlitski and S. Sachdeyv, Phys. Rev. B 85,075127 (2010)
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Pairing by SDWVV fluctuation exchange

Weak-coupling theory Eermi

energy

N F
L + A" p(Epr)log

Density of states
at Fermi energy
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Pairing by SDWVV fluctuation exchange

I..\*' 1,0 \‘." f'.‘.','. 1 . i
Antiferromagnetic critical point =

energy

sin 6 > ( Er
— log
27 W

/

g w

6 is the angle between Fermi lines.
Independent of interaction strength
U in 2 dimensions.

(see also Ar.Abanov, A.V. Chubukov, and A. M. Finkel'stein, Europhys. Lett. 54, 488 (2001))

M. A. Metlitski and S. Sachdev, Phys. Rev. B 85,075127 (2010)
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Pairing by SDWVV fluctuation exchange

3 .\ —y Yy O 5] 1 »y 1 ‘. s & 3 . X
Antiferromagnetic critical point (g

energy

sin 6 > ( Er
— log
27 W

/

' a

6 is the angle between Fermi lines.
Independent of interaction strength
U in 2 dimensions.

(see also Ar.Abanov, A.V. Chubukov, and A. M. Finkel'stein, Europhys. Lett. 54, 488 (2001))

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

Meact v y et B i g . ) ~(y)
FElectrons with dispersions ;07 and &

interacting with fluctuations of the
antiferromagnetic order parameter .

a { = > E. Berg,
/D( "DV DJexp (—S8) "er8

M. Metlitski, and
S. Sachdev,

()t ) o) . arXiv:1206.0742
| / o Z “ka | 97 ko

r/

{

(@

1+ ) % /)
- f a2 (5

) -, S [No sign problem !]
| / drd*x ~ (V_,.\T:)' - = oo

A / dT E Bi - ( ) 5 .,-r'{f,"g) + H.c.
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OMC for the onset of antiferromagnetism

E. Berg,
M. Metlitski, and
S. Sachdeyv,
arXiv:1206.0742

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

=05

Electron occupation number m
as a function of the tuning parameter 7

E.Berg, M.Metlitski,and S. Sachdev, arXiv:1206.0742
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superconductor, and the divergence in effective mass in the metal
measured at high magnetic fields
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Photoemission in Nd,..Ce.CuOy
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1.0
k_x

Hole pocket of a Zy-FL* phase
in a single-band t-J model

M. Punk and S. Sachdey, Phys. Rev. B 85, 195123 (2012)
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