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FIG. 4 (color). (a) Temperature dependences of p,/pp for selected y. (b) Evolution of p,/pp in the y vs T plane. The white
region corresponds to the superconducting state. The CuO chains cause a peak at y = 7.0, which is gradually diminished as the
chains are destroyed with decreasing y; on the other hand, a growth of p,/p, with further decreasing y, observable for y < 6.60,
signals the self-organization of the electrons into charge stripes. The anisotropy ratio at y = 6.35, 6.45, 6.50, 6.55, 6.60, 6.65, 6.70,
6.75, 6.80, 6.83, 6.95, and 7.00 are the actual data, and linear interpolations are employed to generate the color map.

Y.Ando, K. Segawa, S. Komiya, and A. N. Lavroy,
Phys. Rev. Lett. 88, 137005 (2002).

Saturday, January 16, 2010



A 3 meV

K(r.lu.)

7 meV

o

50 meV

1.3 1.4 15 1.6 1.7 03 04 05 06 07 1.3 1.4 1.5 1.6 1.7
H(r.l.u.) H (r.l.u.) H(r.l.u.)
D 3 meV, “twinned” E along a* E=3meV, k,=1.55A"" alongb* F
0.7 ol ke SR s, ot
1200 ‘ '
n o s
-0.6 M 1000 —_ 1.0} 1.0 —_
= S S
= L 1800 o <
£ 05 f °% % 0.5 0.5 %
O c | R
400 D 2
; - c
0.4 e, £ I=
o
] 0.0 ;225 o iyet - 0 0.0
0.3 : : . 0. : a ‘
2 o - . . 03 0.4 0.5 0.6 0.7 03 0. 0.5 0.6 0.7
Q (rl.u.) H (rl.u.) K (r.l.u.)

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)

Saturday, January 16, 2010



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, Nature, in press.
300 | | | |

5 YBCO

 Eall :
200 - AN '

X 150 | PG . \‘\h -

- e

-0.1

100 g

50

(8).08 U1 812 Uia 816 018 0.2
p (per planar Cu atom)

Saturday, January 16, 2010


http://arxiv.org/find/cond-mat/1/au:+Daou_R/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Daou_R/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Chang_J/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Chang_J/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+LeBoeuf_D/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+LeBoeuf_D/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Cyr_Choiniere_O/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Cyr_Choiniere_O/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Cyr_Choiniere_O/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Cyr_Choiniere_O/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Laliberte_F/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Laliberte_F/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Doiron_Leyraud_N/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Doiron_Leyraud_N/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Doiron_Leyraud_N/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Doiron_Leyraud_N/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Ramshaw_B/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Ramshaw_B/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Liang_R/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Liang_R/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Bonn_D/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Bonn_D/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Hardy_W/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Hardy_W/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Taillefer_L/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Taillefer_L/0/1/0/all/0/1

Quantum criticality of Pomeranchuk instability
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Fermi surface with full square lattice symmetry
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Ising-nematic order parameter

O ~ /d2k (cos ky — cos k) CLJCka

Measures spontaneous breaking of square lattice
point-group symmetry of underlying Hamiltonian
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Quantum criticality of Pomeranchuk instability

o

> X

Spontaneous elongation along x direction:
Ising order parameter ¢ > 0.
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Quantum criticality of Pomeranchuk instability
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Spontaneous elongation along y direction:
Ising order parameter ¢ < O.
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Quantum criticality of Pomeranchuk instability
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Quantum criticality of Pomeranchuk instability

Effective action for Ising order parameter

Sy = /d2a;'d7' [(87@2 +c* (V) + (r —re)op” + u¢4]
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Quantum criticality of Pomeranchuk instability

Effective action for Ising order parameter

Sy = /d2a;'d7' [(87@2 +c* (V) + (r —re)op” + u¢4]

Effective action for electrons:

Ny |
A
Se = [ar > | Y eutreia = Y ticlycia
a=1 1

i< j

A
@ S [ drely (00 + )

a=1 k
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Quantum criticality of Pomeranchuk instability

Coupling between Ising order and electrons

Ny
Spe = —’)//d7'¢ Z Z(COS k. — cos ky)c};acka

a=1 k

for spatially independent ¢

o b
N 1)
(¢) >0 (@) <

0
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Quantum criticality of Pomeranchuk instability

Coupling between Ising order and electrons

Ny
Spe = —7 / dt L L ¢q (cos k; — cos ky)c;rﬁq/z,ack_q/g,a

a=1k,q

for spatially dependent ¢

am 1
e NP

(@) > 0 (@) <0
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Quantum criticality of Pomeranchuk instability

Sy = / d°rdr [(0:0)° + 2 (Vo) + (r — re)d” + ug?]

Ny
S, = Z Z/chLa (0r + €K) Cka

a=1 k

Ny
Spe = —7 / dr Z Z Gq (cos k; — cos ky)CL+q/2’aCk_q/2’a

a=1 k.,q
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A ¢ fluctuation at wavevector ¢ couples most efficiently to
fermions near +kq.

Expand fermion kinetic energy at wavevectors about EO
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Theory of a U(]) spin-Bose metal
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Emergent “Galilean invariance” at low energy (s = +):

—is(2 ﬁx
gb(x,y) — ¢($ay + (933)7 %(ﬂi‘ay) — € (2¥+73 )%(ﬂ%y + (9.16)

which implies for the fermion Green’s function

G(Q:ca Qy) — G(SQ:U + C];)
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\ “Hot” Fermi surfaces

Y

Yy

Emergent “Galilean invariance” at low energy (s = +):

Oz, y) — d(x,y + 0x), Vs(z,y) — e “GVETDY (2,9 + Ox)

which implies for the fermion Green’s function
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e (Critical point is described by an infinite set of 241
dimensional field theories, one for each direction q.
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e (Critical point is described by an infinite set of 241
dimensional field theories, one for each direction q.

e Contrast with “Fermi surface bosonization” methods
where there are an infinite set of 1+1 dimensional
field theories, one for each direction q.

>
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e (Critical point is described by an infinite set of 241
dimensional field theories, one for each direction q.

e Contrast with “Fermi surface bosonization” methods
where there are an infinite set of 1+1 dimensional
field theories, one for each direction q.

e Our approach leads to a redundant description of
underlying degrees of freedom. The “Galilean sym-
metry”’ ensures consistency of redundant description.
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® (¢ qy)

z — Kz T Q’iy(q.y - '%y)

qy —  (y — Ry ‘

)
8
|

where k1 = (K, ky) and K, + K = 0.
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d, — dx — Ry + Q/iy(Qy _ “y)

qy —  (y — Ry ‘

where k1 = (K, ky) and K, + K = 0.

Note ¢, + q?’f — qy + qu ensures compatibility

of redundant 241 dimensional field theories.

Saturday, January 16, 2010



Wy (COr — 0y — ) Uy + 0L (COr + 0y — 87) 0

1 9 T 2
2 (Oy®)” + §¢

~ ¢ (vley +uly )+

After tuning the single parameter »r ~ A — A., and sending
( — 0, L describes a critical theory with no coupling constants.
There is a separate copy of this critical theory for each direction
g. This theory has 2 independent exponents z and 7, and the
correlation length and susceptibility exponents are given by

v=1

The fermion and order parameter Green’s functions obey the
scaling forms

G(3,w) = €710y ((g:+gD)€% we*) 5 D(Gw) = €10y (g€, we*)

We have computed the exponents to three loops, and find z = 3
and n = —0.0868 at this order.
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Computations in the I/N expansion

All planar graphs of v, alone
are as important as the leading
term

Sung-Sik Lee, Physical Review B 80, 165102 (2009)
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Computations in the I/N expansion

> —

Graph mixing ¥, and 9 _
is ® (N3/2) (instead of O (IV)),

violating genus expansion

All planar graphs of v, alone
are as important as the leading
term

Sung-Sik Lee, Physical Review B 80, 165102 (2009)
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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).

Saturday, January 16, 2010



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
Ek:l:: 2+ ::\/< 2+>—|—902
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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).
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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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Start from the “spin-fermion” model

— / Dc,Dgexp (—S)

0
— /dTZCLa (87‘ 5k> Cko

—)\/dT mgpz

+ / drd*r

B
2

(V,3)" +

OapCiBc

L Co
2

(0, 5)°

ZKI‘Z
S a2 Uy
+2g0 +4g0
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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

“Hot spot”

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

A2 S u _,
(0-9)° + =5 + —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)

Saturday, January 16, 2010



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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L; = fL (C(? — vt ) vh o+ ¢ (C — vy ) V5

1
Order parameter: L, = 5 (V,.3)" + ; (0,3)% + 2932 n %@»4
. ” inoe: _ = &z 2= /
Yukawa” coupling: L.=—)\F- ( G, me + it anmbm)

Apply RG on both fermions and ¢, using this
local field theory. We can set A = 1, and the
only coupling constants are v, /v, and u. Have
obtained RG flow equations to two loops.
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Theory of quantum criticality in the cuprates
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CSpin density wave (SDWD
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Underlying SDW ordering quantum critical point
in metal at x = z,,,
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Theory of quantum criticality in the cuprates
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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
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‘ . E. G. Moon and
‘ S. Sachdev, Phy.
d-wave Rev. B8O, 035117
superconductor (2009)
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(Spin density wave (SDW))

i Competition between SDW order and superconductivity A
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Theory of quantum criticality in the cuprates
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paired Fermi \ ,' 9€  \nd Y. Zhang, Phys.
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surface 067202 (2001).
. E. G. Moon and
‘ . S. Sachdev, Phy.
P d-wave Rev. B8O, 035117
quanum  SUpErconductor (2009)
Thermally‘ criticality  _ Lo
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(Spin density wave (SDW))
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Theory of quantum criticality in the cuprates
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Theory of quantum criticality in the cuprates

\ 4
V4
1 < y
\ Strange ,/
: A Metal
Fluctuatlng, \ ,, Large E. Demler, S. Sachdev
paired Fermi \ y 9€  \nd Y. Zhang, Phys.
pockets ¥ Fermi Rev. Lett. 87,
f surface 067202 (2001).
. E. G. Moon and
L ‘ . S. Sachdev, Phy.
/ R d-wave Rev. B8O, 035117
i B uperconductor (2009)
7 \ / :
———>
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(Spin density wave (SDW))

i Competition between SDW order and superconductivity A
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E. Demler, S. Sachdev and Y. Zhang,
Phys. Rev. Lett. 87, 067202 (2001).
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E. Demler, S. Sachdev and Y. Zhang, H
Phys. Rev. Lett. 87, 067202 (2001).
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Fluctuating, \\ Metal /
paired Fermi \ ¢ Large
pockets \ !  Fermi
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d-wave
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quantum SC
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E. Demler, S. Sachdev and Y. Zhang, — uRes)

Phys. Rev. Lett. 87, 067202 (2001).
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FIG. 2: Magnetic quantum oscillations measured in
YBasCuzOgy, with = = 0.56 (after background polynomial
subtraction). This restricted interval in B = |B| furnishes a
dynamic range of ~ 50 dB between 7' = 1 and 18 K. The
actual 7" values are provided in Fig. 3.

2t }] Fermiliquid behaviour in an
| '{{ underdoped high Tc
8T N i superconductor

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

arXiv:0912.3022
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Physics of
competition:

d-wave SC and
SDW “eat up’
same pieces of
the large Fermi
surface.

V. Galitski and S. Sachdey,

Physical Review B 79, 134512 (2009).
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PHYSICAL REVIEW B 71, 220508(R) (2005)

Field-induced transition between magnetically disordered and ordered phases
in underdoped La,_,Sr,CuQOy,
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FIG. 1. (a) A fragment of the theoretical phase diagram, adopted
from Refs. 4 and 20. The vertical axis 1s the magnetic field and the
horizontal axis 1s the coupling strength between superconductivity
and magnetic order. (b) Field dependence of the magnetic Bragg
peak corresponding to the mcommensurate SDW peak at
0=(1.125.0.125.,0). Every point 1s measured after field cooling at
T=15K. The data are fitted to I=Ig+A|H-H|*# above
H. as explamed 1in the text. Spectrometer configuration:
45-60-Be— S—Be-60-open; cold Be filters were used before and

after the sample to eliminate contanmination from high-energy neu-
trons; E=4 meV.
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Onset of

superconductivity
disrupts SDW
order, but

associated CDWV/
VBS/nematic
ordering can
survive

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

CeRhin,
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SC .
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=
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G. Knebel, D.Aoki, and J. Flouquet, arXiv:0911.5223
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