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The cuprate superconductors




Square lattice antiferromagnet

H=Y J;S;-S;
(i5)

Ground state has long-range Néel order

Order parameter is a single vector field G = n;S;

n;, = 1 on two sublattices
@) # 0 in Néel state.
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Central ingredients in cuprate phase diagram:

antiferromagnetism, superconductivity, and
change in Fermi surface

v 7 Boc
Superconductor
KM. Shen et ai., Science 2005 &0 or 05 03 M Patéetal, PRL 2005
Hole doping, p
Smaller hole Large hole
Fermi-pockets Fermi surface

Thursday, December 3, 2009



d-wave superconductivity in cuprates

«| Hole
states
occupied T~
Electron

1 states
occupied [T—

)

g twcmcm_ E 5kaaCka

1<9

e Begin with free electrons.

Thursday, December 3, 2009



d-wave superconductivity in cuprates

S A%
e

H = Z (5kcLacka + AkcLTch_kl -+ C.C.)
k

e Begin with free electrons.

e Add d-wave pairing interaction
Ay ~ cosky; — cosk, which vanishes along
diagonals
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d-wave superconductivity in cuprates

s A
N

H = Z (51{0;[{&01{@ + Akc;[,_TcT_kl -+ C.C.)
k

e Begin with free electrons.

e Add d-wave pairing interaction A which van-
ishes along diagonals

e Obtain Bogoliubov quasiparticles with dis-
persion +/ei + A2
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d-wave superconductivity in cuprates

’UF]{ UA x ?JA]{

T

4 two-component Dirac fermions

A2k | ) )
S\Ij — /(QW)QTMZ \I/J{a (—an -+ ’UFkxT -+ UA]CyT ) \Ifla

d2k . z XL
/(ZW)ZTZ \If;a (—twn +vpk, T +vak, T") Uaq.
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Nematic order in YBCO

V. Hinkov, D. Haug, B. Fauqué, P. Bourges, Y. Sidis, A. Ivanov,
C. Bernhard, C. T. Lin, and B. Keimer , Science 319, 597 (2008)
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Broken rotational symmetry o

in the pseudogap phase of a

0.12 DM =v /T-v /T

high-Tc superconductor Y =
=

R. Daou, J. Chang, David LeBoeuf, Olivier Cyr- = i

Choiniere, Francis Laliberte, Nicolas Doiron- +~

Leyraud, B. ]. Ramshaw, Ruixing Liang, i

D.A. Bonn,W. N. Hardy, and Louis Taillefer % ;i

arXiv: 0909.4430
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S.A. Kivelson, E. Fradkin, and
V.]J. Emery, Nature 393,550 (1998).

50

(8).08 U1 812 Uia 816 018 0.2
p (per planar Cu atom)
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d-wave superconductivity in cuprates

Now consider a discrete spontaneous symmetry breaking, with Ising
symmetry, described by a real scalar field ¢.
Two cases of experimental interest are:

e Break 4-fold lattice rotation symmetry to 2-fold lattice rota-
tions: leads to a superconductor with nematic order: equiv-
alent to d;2_,2 + s pairing.

H = H¢ -+ Z <5kCI{aCka -+ AkCLTCT—kl -+ C.C.)
k

Hy = gbz:c;f{Tch_kl + c.c.
k
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d-wave superconductivity in cuprates

Now consider a discrete spontaneous symmetry breaking, with Ising
symmetry, described by a real scalar field ¢.
Two cases of experimental interest are:

e Break 4-fold lattice rotation symmetry to 2-fold lattice rota-
tions: leads to a superconductor with nematic order: equiv-
alent to d;2_,2 + s pairing.

e Time-reversal symmetry breaking: leads to a dy2_,2 + idg,
superconductor, in which the Dirac fermions are massive

H = H¢ -+ Z (EkcLacka —+ AkCIcTCT—kl -+ C.C.)
k

Hy =19 Z sin k. sin lcyc;r{TcT_kl + c.c.
k
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Lattice rotation symmetry breaking

dz2_,2 superconductor do
nematic order

(¢) # 0 (@) =0

2 Superconductor
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Time-reversal symmetry breaking

de_yz T dey d -
superconductor v

(¢) # 0 (@) =0

2 Superconductor
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M. Vojta, Y. Zhang, and S. Sachdev, Phys. Rev. Lett. 85, 4940 (2000)
E.-A. Kim, M. J. Lawler, P. Oreto, S. Sachdev, E. Fradkin, S.A. Kivelson,
Phys. Rev. B 77, 184514 (2008).
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Discrete symmetry breaking in d-wave superconductors

Field theory for transition with Ising order described
by a real scalar field ¢:

5:5Q+S¢—|—Sq;¢

4 two-component Dirac fermions

d?k
/( TZ \IIJ{CL (—twn +vpkyT® + oAk, ™) Wi

27)?

Wn

(—twp, +vpky T + oAk, T") Wagq.
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Discrete symmetry breaking in d-wave superconductors

Field theory for transition with Ising order described
by a real scalar field ¢:

S =385y + S¢ -+ S\M
4 two-component Dirac fermions

dk | . N
/(ZW)QTZ \IIJ{CL (—twn +vpkyT® + oAk, ™) Wi

Wn

(—twp, +vpky T + oAk, T") Wagq.

Ising field theory

: r

¢ 2 2
E(Vﬁb) + §€b

Sy = /dZ:L‘dTE(ﬁTqb)Q +
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Ising order and Dirac fermions
couple via a “Yukawa” term.

Sy — / d2xdr [)\Ogb (\I!J{aff”’\lfla n xy;aﬂ\pga) } |

Nematic ordering

Sy = / 2xdr [Aoqb (\If]iaTy\Ifla + xpgary%a)}

Time reversal symmetry breaking

M. Vojta, Y. Zhang, and S. Sachdev, Physical Review Letters 85, 4940 (2000)
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Ising order and Dirac fermions
couple via a “Yukawa” term.

Sy — / d2xdr [)\Ogb (\IJJ{aTx\Ifla n m;a7$m2a) } |

Nematic ordering

Sy — / dr [Aoqs (\Ifiafy\pla + xp;aﬂ%a)}

Time reversal symmetry breaking

For the latter case only, with vp = vA = ¢, theory

reduces to relativistic Gross-Neveu model

M. Voijta, Y. Zhang, and S. Sachdev, Physical Review Letters 85, 4940 (2000)
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Expansion in number of fermion spin components /Vr

Integrating out the fermions yields an effective
action for the scalar order parameter

UA

N
S = - LT )\0¢(a: T); =
AUVF VF |

; N;f / adr (r¢? (e, 7))

+ irrelevant terms

where I' is a non-local and non-analytic functional of ¢.

The theory has only 2 couplings constants: r and va /vp.

Y. Huh and S. Sachdev, Physical Review B 78,064512 (2008).
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Expansion in number of fermion spin components /Vr

Integrating out the fermions yields an effective
action for the nematic order parameter

N
S = [ lelkw)?r

)\(2) w2 + v%ki
SUFUA \/w2 + v%k% + vikg

higher order terms which cannot be neglected

(7 < y)

E.-A. Kim, M. J. Lawler, P. Oreto, S. Sachdev, E. Fradkin, S.A. Kivelson, arXiv:0705.4099
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Expansion in number of fermion spin components /Vr

Integrating out the fermions yields an effective
action for the T-breaking order parameter

. |
S = Tffk (k)2

’ Swm \/“’2+UF +vpky + (2 < y)

+higher order terms which cannot be neglected

E.-A. Kim, M. J. Lawler, P. Oreto, S. Sachdev, E. Fradkin, S.A. Kivelson, arXiv:0705.4099
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Expansion in number of fermion spin components /Vr

Integrating out the fermions yields an effective
action for the scalar order parameter

UA

N
S = - LT )\0¢(a: T); =
AUVF VF |

; N;f / adr (r¢? (e, 7))

+ irrelevant terms

where I' is a non-local and non-analytic functional of ¢.

The theory has only 2 couplings constants: r and va /vp.

Y. Huh and S. Sachdev, Physical Review B 78,064512 (2008).
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Expansion in number of fermion spin components /Vr

Integrating out the fermions yields an effective
action for the scalar order parameter

N
qu — ” / F )\()¢(QZ’ 7') UA
AUVFE VE

; N;f / adr (r¢? (e, 7))

+ irrelevant terms

where I' is a non-local and non-analytic functional of ¢.

There is a systematic expansion in powers of

1 /Ny for renormalization group equations

and all critical properties.
Y. Huh and S. Sachdev, Physical Review B 78, 064512 (2008).
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Outline

|. Quantum criticality of Fermi points:

Dirac fermions in d-wave superconductors

4
2. Quantum criticality of Fermi surfaces:

Onset of spin density wave order in the cuprates

J
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“Large” Fermi surfaces in cuprates

«_ | Hole
states
occupied T~
Electron

1 states
occupied [T—

0

.I.
E tzgc Cia = E EkCyn Cka
k

1<

The area of the occupied electron/hole states:

Ae

274 (1 — x) for hole-doping x
(1+p)  for electron-doping p

A, = 4 — A,
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Spin density wave theory

The electron spin polarization obeys

<§(r, 7')> = J(r, 7)e™ "

where ¢ is the spin density wave (SDW) order parameter,

and K is the ordering wavevector. For simplicity, we con-
sider K = (7, 7).
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Spin density wave theory

Spin density wave Hamiltonian

HSdW — SB Z CI{,aézaﬁck—FKaﬁ
]:{7047/8

Diagonalize Hy + Hyqy for ¢ = (0,0, )

Ek + CkiK Ek — Ck+K
Fy4+ = 2+ ::\/< 2+>+802
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Hole-doped cuprates

<

Increasing SDW order

2N

]/ N

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).
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Holeidoped cuprates

<

Increasing SDW order

2N

]/ N

28
N4

A4

Hole
pockets

Large Fermi surface breaks up into

N_Z,

Electron
pockets

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).
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Spin density wave theory in hole-doped cuprates

(m,7)

DAS
RS

BBORIRININ

1909000909
YV

AMAANN

A.]. Millis and M. R. Norman, Physical Review B 76,220503 (2007).
N. Harrison, Physical Review Letters 102, 206405 (2009).

Incommensurate order in YBaCu3zOg+y

(,0)
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Electron-doped cuprates

<

Increasing SDW order

/L“k\
/ ]\ /[
\l

Electron
pockets

\ [
Hole
pockets

Large Fermi surface breaks up into
electron and hole pockets

D. Senechal and A.-M. S. Tremblay, Physical Review Letters 92, 126401 (2004)

J. Lin, and A. ]. Millis, Physical Review B 72,214506 (2005).
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< Increasing SDW order

Quantum oscillations

NdZ—a;' Cem CU.O4

T. Helm, M.V. Kartsovnik,

M. Bartkowiak, N. Bittner,

M. Lambacher, A. Erb, J].Wosnitza,
and R. Gross,

Phys. Rev. Lett. 103, 157002 (2009).

0.1 1 10 100
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Quantum oscillations

Electron pockets in the Fermi surface of hole-doped
high-T. superconductors

David LeBoeuf', Nicolas Doiron-Leyraud', Julien Levallois®, R. Daou', J.-B. Bonnemaison', N. E. Hussey”, L. Balicas’,
B. J. Ramshaw’, Ruixing Liang™*®, D. A. Bonn™®, W. N. Hardy™*®, S. Adachi’, Cyril Proust” & Louis Taillefer"®

Nature 450, 533 (2007)

Y1231 | v Y123~V ol Y124
" . - 1 -0 B 4( ‘n‘} h’A'JNV“F'.\_A\ﬁ.m—\,\f‘M‘-J\*_v-\__v. s i

a -
\J A
t MYy N
v W
A ; VAL
| o ™ A
) \ o
4 \ B
v ) AN
" - \
J \
| J :

0.5}
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Quantum oscillations

(Electron)pockets in the Fermi surface of(hole)doped

high-T. superconductors

David LeBoeuf', Nicolas Doiron-Leyraud', Julien Levallois®, R. Daou', J.-B. Bonnemaison', N. E. Hussey”, L. Balicas’,
B. J. Ramshaw’, Ruixing Liang™*®, D. A. Bonn™®, W. N. Hardy™*®, S. Adachi’, Cyril Proust” & Louis Taillefer"®

Nature 450, 533 (2007)

Y1231 |

Y123-Vill

0.5}

0.0 ~
-0.5 20 K
-
-1.0} 20 K
12K
—42K
_1 .5 1 1 M L 2 1 1 2 1
0 10 20 30 40 50 60
B(T)
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Theory of quantum criticality in the cuprates

/
T v ;
\ Strange ,'
Fluctuating Metal /

Fermi \ ¢+ Large

\ ’ i

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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Evidence for connection between linear resistivity and
stripe-ordering in a cuprate with a low T

Nd-LSCO

200

e Magnetic field
of upto 35 T
used to suppress
superconductivity

P (u€2 cm)

>,
O

e Identifies x,, =~ 0.24

0 50 100 150
T(K)

Linear temperature dependence of resistivity and change in the Fermi
surface at the pseudogap critical point of a high-T. superconductor

R. Daou, Nicolas Doiron-Leyraud, David LeBoeuf, S. Y. Li, Francis Lalibertg,
Olivier Cyr-Choiniere, Y. J. Jo, L. Balicas, J.-Q. Yan, J.-S. Zhou, J. B. Goodenough
& Louis Taillefer, Nature Physics 5, 31 - 34 (2009)
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Theory of quantum criticality in the cuprates

/
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Fluctuating Metal /

Fermi \ ¢+ Large
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\ ;, Surface
\ /
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v
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CSpin density wave (SDWD

. in metal at x = z,,,
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Underlying SDW ordering quantum critical point
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Theory of quantum criticality in the cuprates

N

\ V4
4
1 N y
\ Strange '/
\
Fluctuating, .  Metal , ]
paired Fermi \ / -arge
ockets \ !  Fermi
P 3 surface
d-wave
superconductor

x

(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

4
\
ik \ ’
\ V4
\ Strange '/
. \ Metal
Fluctuating, \ ,' Large E. Demler, S. Sachdev
paired Fermi \ " and Y. Zhang, Phys.
\ d Fermi Rev. Lett. 87
pockets \ ' NG
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

N

4
\
ik \ ’
\ V4
\ Strange ,/
. \ Metal
Fluctuating, \ ,' Large E. Demler, S. Sachdev
paired Fermi \ " and Y. Zhang, Phys.
\ d Fermi Rev. Lett. 87
pockets \ ' NG
surface 067202 (2001).
‘ . E. G. Moon and
‘ S. Sachdev, Phy.
d-wave Rev. B8O, 035117
superconductor (2009)

_ e

(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

T

DS
V4
\\ y
4
Strange ,/
\
Fluctuating, .  Metal , ]
paired Fermi \ ,' arge
pockets ' Ferm
b surface
d-wave
Magnetic
quantum  SUperconductor
Thermally® criticality L
fluctuating ! - -
sbw ! _ ” Spingap ;
_

(Spin density wave (SDW))

X

E. Demler, S. Sachdev
and Y. Zhang, Phys.
Rev. Lett. 87,
067202 (2001).

E. G. Moon and
S. Sachdev, Phy.
Rev. B80, 035117
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Theory of quantum criticality in the cuprates
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Theory of quantum criticality in the cuprates
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(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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Neutron scatter-

Ing experiments on
Nds_ . Ce,CuOy4 show
that at low fields

rs = 0.14, gvhile
quantum oscilla-
tions at high fields
show that z,,, = 0.165.
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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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Start from the “spin-fermion” model
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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

- S o U
(0,3)° + = 3> + —F*

Order parameter: L, = 9 4
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Lr = i (COr —ive - V)b, + b (CO, —ivh-V,) vl

1 2 g »n2 | 55 u
=5 (V@) + 5 0:9) + 58 + ;&

Order parameter: L, :

“Yukawa” coupling: L.=—\p- ( f 5a5¢25 + w Oaﬁwfﬁ)
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Lr = Uil (COr —ivi - V) i, + i), (CO- —iv - V) v,

1
Order parameter: L, = 5 (V. 3)° + % (0.5)° + 2952 + %@4
“ L — b7 = 14 b7 = 14
Yukawa Couphng L.= —)\90 ( 1a0a@¢25 -+ ¢2a0a6¢15)

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

1
Order parameter: L, = 5 (V. 3)° + % (0.5)° + 2952 + %@4
“Yukawa” coupling: Lo=—Ap- ( “ 5a6¢25 T 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)

But, higher order terms contain an infinite
number of marginal couplings ......
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 C S U
Order parameter: L, = 5 (VT@’)2 + g (3793)2 +- —932 =+ —954

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

1 . Z . S
5 (Vo@)" + 2 (0:9)° + 55 + =

Order parameter: L, = 5 9 4

“Yukawa” coupling: L.=—\p- ( il _)a6¢25 + wﬁlﬁaw{g)

Under the rescaling ' = ze™ %, 7/ = Te~ %%, the spatial gradients

are fixed if the fields transtorm as

(d+z—2)¢/2 = @ wl _ 6(d—|—z—1)€/2¢.

g =e P

Then the Yukawa coupling transtorms as

)\/ _ 6(4—d—z)€/2>\

For d = 2, with z = 2 the Yukawa coupling is invariant, and the
bare time-derivative terms (, ¢ are irrelevant.
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Two approaches:

@ Fix

A = 1 and perform RG in a 1/N ex-

pansion, where NV is the number of fermion
flavors

®)Ma

ke A part of the bare fermion dispersion

DY

sransforming electrons to a ‘rotating ref-

erence frame’ determined by the local orien-
tation of the SDW order .
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Two approaches:

@Fix A = 1 and perform RG in a 1/N ex-

pansion, where NV is the number of fermion
flavors

Make A part of the bare fermion dispersion
by transforming electrons to a ‘rotating ref-

erence frame’ determined by the local orien-
tation of the SDW order .
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Max Metlitski

M. Metlitski and S. Sachdey, to appear

Ar.Abanov,A.V. Chubukov, and |. Schmalian,
Advances in Physics 52, 1 19 (2003)

Sung-Sik Lee, arXiv:0905.4532.
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Hole-doped cuprates

<

Increasing SDW order

2N

]/ N

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

1 S o U,
Order parameter: L, = 5 (Vr¢)2 4 g (5»793)2 4 5902 4 1904

—

~@ - (W11 Gapthls + ¥l Fapthls)

“Yukawa” coupling:

l\
|
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Lr = i (COr —ive - V)b, + b (CO, —ivh-V,) vl

~

1 U
Order parameter: \ L, = 5 (VT@’)2 — g (3793)2 + 2932 =+ 1954
“Yukawa” coupling: L.=—p- @D” Oq %Dgg + wga aﬁ¢1ﬁ>

With z = 2 scaling, C is irrelevant.

So we take ¢ — 0
watch for dangerous irrelevancy).
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Ly = il (COr —ivi - V) @l + sl (COr —ivh - V,) vd,

S U
Order parameter: L, = 5 (VT@’)2 + > (3793)2 + 5932 + 1934
“Yukawa” coupling: L.=—p- ( a 7 o 1025 + wza aﬁ¢1ﬁ>

Set ¢ wavefunction renormalization by

keeping co-efficient of (V,.5)? fixed (as usual).
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Ly = il (COr —ivi - V) @l + sl (COr —ivh - V,) vd,

1
Order parameter: L, = 5 (V. 3)° + 5 (0.5)° + 2932 + %@4
“Yukawa” coupling: L.=—Q- ( a 7 o 1025 + wza aﬁ¢1ﬁ>

Set fermion wavetunction renormalization by

keeping Yukawa coupling fixed.

Y.Huh and S. Sachdev, Phys. Rev. B 78, 064512 (2008).
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Lr = i (COr —ive - V)b, + b (CO, —ivh-V,) vl

1
Order parameter: L, = 5 (V. 3)° + 5 (0.5)° + 2932 + %954
“Yukawa” coupling: L.=—p- ( ol L0q ¢25 +¢2a aﬁ¢1ﬁ>

We find consistent two-loop RG factors, as ¢ — 0, for the
velocities v, v,, and the wavefunction renormalizations.

Consistency check: the expression for the boson damp-

2

ing constant, v = , 1s preserved under RG.
TV Uy

Thursday, December 3, 2009



RG-improved Migdal-Eliashberg theory

RG flow can be computed a 1/N expansion (with N
fermion species) in terms of a single dimensionless
coupling o = v,, /v, whose flow obeys

(doz 3 a?

~\

\E 7N 1+ 042)
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RG-improved Migdal-Eliashberg theory

RG flow can be computed a 1/N expansion (with N
fermion species) in terms of a single dimensionless
coupling o = v,, /v, whose flow obeys

(doz 3 a?

\

\E 7N 1+ 042)

The velocities flow as

1 dv, Ala) +B(a) 1 dvy, —Ala)+ B(a)
v, df 2 v, dl 2
3 o)
Ala) = w™N 1+ o?

1

X
=
|

DO
N
Z
7 N\
Q|
|
Q
N———
7 N\
el
_|_
R
Q|
|
Q
N———
—
Qo
b|
Q|+
N———
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RG-improved Migdal-Eliashberg theory

RG flow can be computed a 1/N expansion (with N
fermion species) in terms of a single dimensionless
coupling o = v,, /v, whose flow obeys

(doz 3 a?

\

\E 7N 1+ 042)

The anomalous dimensions of ¢ and ) are
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RG-improved Migdal-Eliashberg theory

a = v, /v, — 0 logarithmically in the infrared.

Dynamical Nesting

V1 Vo

Bare Fermi surface
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a = v, /v, — 0 logarithmically in the infrared.

Dynamical Nesting

Bare Fermi surface
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RG-improved Migdal-Eliashberg theory

a = v, /v, — 0 logarithmically in the infrared.

Dynamical Nesting

Dressed Fermi surface
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RG-improved Migdal-Eliashberg theory

a = v, /v, — 0 logarithmically in the infrared.

In ¢ SDW fluctuations, characteristic ¢ and w scale as

J w12 exp ( 64?;2 (111(]1\;W)>3).

However, 1/N expansion cannot be trusted
in the asymptotic regime.
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1 1
N (¢* + v|w|)
fermion propagator 1
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1 1
N (¢* + v|w|)
fermion propagator 1
1 U2q2
| . w 2
v-q+i(w ZN\ﬁv\/a ( » )
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. . 1 1 1
Ignoring fermion self energy: ~ N2 X C_Q X —
W




. . 1 1 1
Ignoring fermion self energy: ~ N2 X C_Q X —
W

1
Actual order ~ ~NO




Double line representation

* A way to compute the order of a diagram.

« Extra powers of N come from the Fermi-surface

G(w, k) =

1

—

—

1

LY

* Any bosonic momentum may be (uniquely) written as

—
.
3

(TZ Zl — 9

—_

—-— s s e -

]:)1 = FS of 2',.";’1

l{?‘z = ESof L’Z

Concentrate on diagrams involving a single pair of hot-spots

What are the conditions for all propagators to be on the Fermi surface?

R. Shankar, Rev. Mod. Phys.
66, 129 (1994).
S.W.Tsai,A. H. Castro
Neto, R. Shankar, and

D. K. Campbell, Phys. Rev. B
72,054531 (2005).

Thursday, December 3, 2009




\\2 \
Singularities as ( — 0 appear when fermions in closed blue
and red line loops are exactly on the Fermi surface

1
Actual order ~ ~NO
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New infra-red singularities as ¢ — 0 at higher loops
(Breakdown of Migdal-Eliashberg)

1
ACtual order ~ m

Graph is planar after turning fermion propagators also into double lines
by drawing additional dotted single line loops for each fermion loop

Sung-Sik Lee, arXiv:0905.4532
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1
Actual order ~ m
A consistent analysis requires
resummation of all planar graphs




Theory for the onset
of spin density wave

order in metals is
strongly coupled in
two dimensions
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Naturally
formulated in

route B: theory
of fluctuating
Fermi pockets
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route B: theory
of fluctuating
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Onset of
superconductivity

induces
confinement

R. K. Kaul, M. Metlitksi, S. Sachdey,
and Cenke Xu,
Physical Review B 78,045110 (2008).
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