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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

Will study on the honeycomb and square lattices
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Fermi surface+antiferromagnetism

Hole
states
occupied | ™

occupied [T—

T

Electron
\ 7<\ states

+

rm

T'he electron spin polarization obeys

(S(r,7)) = @, )e™

where K is the ordering wavevector.
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Fermi surfaces in electron- and hole-doped cuprates

«_| Hole
states
occupied\
Electron
| states
occupied| ™
@)

Effective Hamiltonian for quasiparticles:

E : _E : T
tzg @acza — EkCn Cka
k

1<7J

with ¢;; non-zero for first, second and third neighbor, leads to satisfactory agree-
ment with experiments. The area of the occupied electron states, A., from
Luttinger’s theory is

A — 214 (1 — p) for hole-doping p
© ] 2r%(1+=x) for electron-doping x

The area of the occupied hole states, Aj,, which form a closed Fermi surface and
so appear in quantum oscillation experiments is A;, = 47 — A,.
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Spin density wave theory

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

Hyqw = QE Z CL’aaaﬁck—kK,ﬁ
k7a7/8

where ¢ are the Pauli matrices. The electron dispersions obtained
by diagonalizing Hy + Hyqy for ¢ o< (0,0,1) are

£k + €k €k — €k+K
Byt = 2+K\/< 2+ )+902

This leads to the Fermi surfaces shown in the following slides for
electron and hole doping.
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Hole-doped cuprates

< Increasing SDW order

S. Sachdev,A.V. Chubukoyv, 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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Hole-doped cuprates

<

Increasing SDW order

ZA AN
NN

S. Sachdev,A.V. Chubukoyv, 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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Hole-doped cuprates

<

Increasing SDW order

ZA AN
NN

Hot spots

S. Sachdev,A.V. Chubukoyv, 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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Hole-doped cuprates

< Increasing SDW order
]
NN\ / \
ot
\\—/} NN 7
El\ectro/n Hot spots
pockets

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

S. Sachdev,A.V. Chubukoyv, 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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Hole-doped cuprates

<

Increasing SDW order

4

N ]/&
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NN

§\ /

§ N 7

Hole
pockets

Electron
pockets

Hot spots

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

S. Sachdev,A.V. Chubukoyv, 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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Evidence for small Fermi pockets

l L
—

121 A

1 I

Fermi liquid behaviour in an
underdoped high Tc
superconductor

N
L ' L} A

Suchitra E. Sebastian, N. Harrison,
M. M. Altarawneh, Ruixing Liang, D. A. Bonn,
W. N. Hardy, and G. G. Lonzarich

I
L |

Frequency shift (kHz)
o

arXiv:0912.3022

co
L) ' L)

-12 | _.
' A A A A l A A A A l A llllll-

40 44 48 52

FIG. 2: Magnetic quantum oscillations measured in
YBasCuzOgy» with z = 0.56 (after background polynomial
subtraction). This restricted interval in B = |B| furnishes a
dynamic range of ~ 50 dB between T' = 1 and 18 K. The
actual T" values are provided in Fig. 3.
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Hole-doped cuprates

<

Increasing SDW order

2N

]/ SN

28
N4

A4

Hole
pockets

Large Fermi surface breaks up into

N_Z

Electron
pockets

electron and hole pockets

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).

Monday, June 14, 2010




Hole-doped cuprates

<——Increasing SDW order

¢ fluctuations act on the
large Fermi surface

S. Sachdev, A.V. Chubukoy, 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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Start from the “spin-fermion” model

:/DcaDﬁexp(—S)
0
— /dTZCLa (87‘ 5k> Cko

—)\/dT mgpz 5’a50i56iK'”

(0,3)° + 25+ —¢

L Co
2 2" T

B
+/d7'd27° 5 (V,3)” +

Monday, June 14, 2010



Low energy fermions

1a7w2a
(=1,....4

o (COr —ivh - V) s,
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Lr = i (COr —ive - V)b, + b (CO, —ivh-V,) vl

V1 Vo

1 fermions o fermions
occupied occupied
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Lr = i (COr —ive - V)b, + b (CO, —ivh-V,) vl

“Hot spot”

“Cold” Fermi surfaces
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Lr = i (COr —ive - V)b, + b (CO, —ivh-V,) vl

Order parameter: L, =
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Lr = i (COr —ive - V)b, + b (CO, —ivh-V,) vl

1 ), g 2 S w
=5 (V@) + 5 0:9) + 58 + ;&

Order parameter: L, :

“Yukawa” coupling: L.=—\p- ( f 5a5¢25 + w Oaﬁwfﬁ)
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Ly = il (COr —ivi - V) @l + sl (COr —ivh - V,) vd,

. S o U _
(0,3)° + =% + —

Order parameter: L, = 5 .

N |

“Yukawa” coupling: L.=—\p- ( é 5a6¢25 =+ w Oaﬂwfﬁ)

Integrate out fermions and obtain non-local corrections to L,

2

TUz Uy

L, = =F|d+|wl]/2 ; ~=

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

Monday, June 14, 2010



Ly = il (COr —ivi - V) @l + sl (COr —ivh - V,) vd,

Order parameter: L, = (VTSB)Q + = (6’795’)2 + —F° + =

“Yukawa” coupling: L.=—\p- ( f 5a6¢25 =+ w Oaﬁwfﬁ)

Integrate out fermions and obtain non-local corrections to L,

. 2
Lo = P la+alwl] /2 5 v=—
x Uy

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

OK in d = 3, but higher order terms contain an
infinite number of marginal couplings in d = 2
Ar.Abanov and A.V. Chubukov, Phys. Rev. Lett. 93,255702 (2004)
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Lr = i (COr —ive - V)b, + b (CO, —ivh-V,) vl

1 ¢ S o U _
Order parameter: L, = 5 (Vr@’)2 + g (8795’)2 + g% 4+ —F*

“Yukawa” coupling: L.=—\p- ( f 5a5¢25 + w anﬁwfﬁ)

Pertorm RG on both fermions and o,

using a local field theory.
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Superconductivity by

SDW fluctuation
exchange




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 (d,2_,2 and d,2_,2) channels are enhanced while the singlet (dyy,dx:.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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Spin density wave theory in hole-doped cuprates

< Increasing SDW order




Spin-fluctuation exchange theory of d-wave
superconductivity in the cuprates

Fermions at the large Fermi surtace exchange
fuctuations of the SDW order parameter .

David Pines, Douglas Scalapino
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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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(d—wave pairing of the large Fermi surfaceJ

(ckrc—k|) X Ax = Ag(cos(ky) — cos(ky))




(d-wave pairing in the theory of hotspotsJ

Low energy fermions

T V3
(=1,....4
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(d-wave pairing in the theory of hotspotsJ

¥

Hot spots have
strong instability to
d-wave palring near
SDW critical point.

T'his instability is
stronger than the

BCS instabi.

1quid.

Fermi |

ity of a

Pairing order parameter: £*” (@b%a@b% g — 5,105 5)
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d-wave Cooper pairing instability in
particle-particle channel




2 4 T 3
"D C.
3 1 4 2
Q = (m,0) m
k;

Similar theory applies to the pnictides, and leads to s+ pairing.
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Emergent Pseudospin symmetry

Continuum theory of hotspots in invariant under:

¢ wé
(i )-v ()

where U* are arbitrary SU(2) matrices which can be
different on different hotspots /.
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d-wave Cooper pairing instability in
particle-particle channel




Bond density wave (with local Ising-nematic
order) instability in particle-hole channel




! d-wave pairing has a
! partner instability
in the particle-hole

channel

Density-wave order parameter:

3 1 3 1
( 1L¢1a_ ZLZan)
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Single ordering wavevector Q:

<CL—Q/2,aCk‘|—Q/27a> —
®(cos ky — cos k)
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. +1I

“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:

<CL_Q/2’aCk_|_Q/2,a> = ®(cosk, — cosky)
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i
o

“Bond density”
measures amplitude

=
for electrons to be
i in spin-singlet
:.%. valence bond:
VBS order

B

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

<CL_Q/2’aCk_|_Q/2,a> = ®(cosk, — cosky)
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STM measurements of Z(r), the energy asymmetry

in density of states in BisSroCaCusOga .
a ' T~ Q

M. J. Lawler, K. Fujita,
Jhinhwan Lee,
A. R. Schmidt,
Y. Kohsaka, Chung Koo
| Kim, H. Eisaki,
S. Uchida, J. C. Davis,
J. P. Sethna, and
Eun-Ah Kim, preprint
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STM measurements of Z(r), the energy asymmetry

in density of states in BisSroCaCusOga .
a ' T~ Q

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

On =Za+ 24— Zc —Zp
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STM measurements of Z(r), the energy asymmetry
in density of states in BiQSrgCaCu208+5.

M. J. Lawler, K. Fujita,
Jhinhwan Lee,
1y A. R. Schmidt,
- | Y. Kohsaka, Chung Koo
“ Kim, H. Eisaki,
S. Uchida, J. C. Davis,
J. P. Sethna, and
Eun-Ah Kim, preprint

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

On =Za+ 24— Zc —Zp
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Theory of quantum criticality in the cuprates

o ’
/
T | N /
\ Strange ,'
Fluctuating Metal
Fermi \ ¢ Large
\ ’ |
pockets Y ’ Fermi
\ ;, Surface
\ /
\ !

AN
N

v

VZZAN
l B
N

CSpin density wave (SDWD

\_

in metal at x = z,,,

4 )
Underlying SDW ordering quantum critical point

J
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Theory of quantum criticality in the cuprates
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Theory of quantum criticality in the cuprates

N

x /,
T T~ .
\ Strange '/
\

Fluctuating, .  Metal , ]
paired Fermi \ ,' arge
nockets \ Fermi
S surface

d-wave
superconductor

h

(Spin density wave (SDW))

4 )
Onset of d-wave superconductivity

hides the critical point x = «,,

J
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Theory of quantum criticality in the cuprates

N

’
\
T T~ ’
\ V4
\ Strange '/
- \ Metal
Fluctuatlng, \ ,' Large E. Demler, S. Sachdev
paired Fermi ‘\ ! Ferm and Y. Zhang, Phys.
pockets \ Rev. Lett. 87,

surface 067202 (2001).

E. G. Moon and

: ) S. Sachdev, Phy.
d-wave Rev. B8O, 035117

superconductor (2009)

h

(Spin density wave (SDW))

i Competition between SDW order and superconductivity A

| moves the actual quantum critical point to z = x4 < x,,. )
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Theory of quantum criticality in the cuprates
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Theory of quantum criticality in the cuprates

N\

/
T T s ’
\ V4
\ Strange ,/
\
Fluctuatlng, \ Metal ’ Large E. Demler, S. Sachdev
paired Fermi \ ,' 9€  \nd Y. Zhang, Phys.
pockets \\ Fermi Rev. Lett. 87,
surface 067202 (2001).
. E. G. Moon and
‘ . S. Sachdev, Phy.
P d-wave Rev. B8O, 035117
wanum  SUperconductor (2009)
Thermally® criticality N
fluctuating ! P

sbw ' _ 7 Spingap

_ L

(Spin density wave (SDW))

i Competition between SDW order and superconductivity A

| moves the actual quantum critical point to z = x4 < x,,. )
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Theory of quantum criticality in the cuprates

N\

(2009)

x /
4
T [N ;
\ Strange ,/
. ) Metal
Fll:IC’[ua’[Ing,. \ ,' Large V. Galitski and
paired Fermi Y I Fermi S Sachdev, Phys.
pockets \ o+ Rev. B'79, 134512
surface  500g).
. 3 E. G. Moon and
d-wave S. Sachdev, Phys.
Magnetic Rev. B80, 035117
quantum  SUperconductor - »

Thermally® criticality
fluctuating _
sbw ' _ 7 Spingap

_

(Spin density wave (SDW))

-~

X

-

N

Physics of competition: d-wave SC and SDW
_ “eat up” same pieces of the large Fermi surface.
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Quantum oscillations
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p(1/8)

J. Chang, Ch. Niedermayer, R. Gilardi,
N.B. Christensen, H.M. Ronnow,

D.F. McMorrow, M. Ay, J. Stahn, O. Soboley,
A. Hiess, S. Pailhes, C. Baines, N. Momono,
M. Oda, M. Ido, and J. Mesot,
Physical Review B 78, 104525 (2008).

Magnetic field

0.125
Hole doping

J. Chang, N. B. Christensen,
Ch. Niedermayer, K. Lefmann,
H. M. Roennow, D. F. McMorrow,
A. Schneidewind, P. Link, A. Hiess,
M. Boehm, R. Mottl, S. Pailhes,
N. Momono, M. Oda, M. Ido, and
J- Mesot,

Phys. Rev. Lett. 102, 177006
(2009).

Counts/5 min.
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Similar phase diagram for CeRhlns

CeRhin,
PM
Q
Q
SC .
.
=
- N\ PM
= .o\ AF | Af - itinerant
T Af - \ocalized i
15 1 2 3
0 p(GPa)

G. Knebel, D.Aoki, and J. Flouquet, arXiv:0911.5223
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Similar phase diagram for the pnictides

150
Ba(Fe, Co ),As,

100

Tet
<
—
50
O
SC . &
BaFe_As, ; .
Unit cell 0 0.02 0.04 0.06 0.08 0.10 0.12

X

S. Nandi, M. G. Kim, A. Kreyssig, R. M. Fernandes, D. K. Pratt,
A.Thaler, N. Ni, S. L. Bud'ko, P. C. Canfield, J. Schmalian,
R.]. McQueeney, A. l. Goldman, arXiv:091 1.3 | 36.
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