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In the La-based superconductors, the region with magnetic order overlaps
with the red region - | will not discuss these materials:
see S.A. Kivelson, I.P. Bindloss, E. Fradkin,V. Oganesyan, . M. Tranquada,
A. Kapitulnik, and C. Howald, Rev. Mod. Phys. 75, 1201(2003)
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Superconductivity:
Bose condensation of Cooper pairs of electrons

eTe <Cl(r1)cé(r2)> = {P(Ij — I‘2)} X Wge ( 9

0 B=t 1 : eMt= gt o1, Mo



Superconductivity:
Bose condensation of Cooper pairs of electrons

Nearly constant condensate wavefunction
(superconducting order parameter)

0 B=t 1 : eMt= gt o1, Mo



Superconductivity:
Bose condensation of Cooper pairs of electrons

0 B=t 1 : eMt= gt o1, Mo



Phase-sensitive measurement of the
d-wave symmetry of Cooper pairs
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Pairing Symmetry and Flux Quantization in a
Tricrystal Superconducting Ring of YBa;Cu307-5

C.C. Tsuel, J.R. Kirtley, C. C. Chi,* Lock See Yu-Jahnes, A. Gupta, T. Shaw, J.Z. Sun, and M. B. Ketchen
IBM Thomas J. Watson Research Center, P.O. Box 218, Yorktown Heights, New York 10598

Phys. Rev. Lett. 73,593 (1994)
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Scanning
Tunneling
120 Microscopy
(STM)
and X-ray
scattering
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A Four Unit Cell Periodic
Pattern of Quasi-Particle States
Surrounding Vortex Cores in
Bi,Sr,CaCu,Og 5

J. E. Hoffman, E. W. Hudson, K. M. Lang, V. Madhavan,
H. Eisaki, S. Uchida, and J. C. Davis, Science 295, 466 (2002).
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A Four Unit Cell Periodic

Pattern of Quasi-Particle States
Surrounding Vortex Cores in

Bi,Sr,CaCu,O,, .

J. E. Hoffman, E. W. Hudson, K. M. Lang, V. Madhavan,
H. Eisaki, S. Uchida, and J. C. Davis, Science 295, 466 (2002).
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“R-map” of BSCCO in zero magnetic field, similar to those published in
Y. Kohsaka, C. Taylor, K. Fujita, A. Schmidt, C. Lupien, T. Hanaguri,
M. Azuma, M. Takano, H. Eisaki, H. Takagi, S. Uchida, and J. C. Davis,
Science 315, 1380 (2007).
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Fourier transform yields non-dispersing peaks at K X
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X-ray scattering
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Many groups have observed CDW peaks in X-ray scattering
over the past 2 years.

The X-ray wavevector is found to agree with the wavevector obtained from STM.
R. Comin, A. Frano, M. M. Yee, Y. Yoshida, H. Eisaki, E. Schierle, E. Weschke,

R. Sutarto, F. He, A. Soumyanarayanan, Yang He, M. Le Tacon, I.S. Elfimov,

J. E. Hoffman, G.A. Sawatzky, B. Keimer, A. Damascelli, Science 343, 390 (2014).




Charge density wave (CDW) order



Charge density wave (CDW) order

CDW wavevector Q



Charge density wave (CDW) order

Nearly constant CDW order parameter



Generalized charge density wave (CDW) :
Bose condensation of particle-hole pairs

(ch(r1)calrs))

= |P(r1 —r2)| x Yepw (rl JZFFQ) ' YIT2 4 e,

Nearly constant CDW order parameter




Generalized charge density wave (CDW) :
Bose condensation of particle-hole pairs

(ch(r1)calrs))

= |P(r1 —r2)| X Yopw (rl ) r2) A

2

d*k .
Internal particle-hole pair wavefunction P(r) = / —P(k)@Zk'r

42

Time-reversal symmetry requires P(k)

We expand
P(k) = Ps + Py (cos ky + cos k) + Pg(cosk, —cosk,) ...




Generalized charge density wave (CDW) :
Bose condensation of particle-hole pairs

(ch(r1)calrs))

= |P(r1 —r2)| X Yepw (rl JZFPQ) ' YIT2 4 e,

d*k .
Internal particle-hole pair wavefunction P(r) = / 1 P(k)GZk'I‘
.

Time-reversal symmetry requires P(k) = P(—k).
We expand
P(k) = Ps + Py (cosk, + cosky) + Py(cosk, —cosky) ... """

AN
A CDW with P, # 0 is nearly degenerate with SC near the

quantum-critical point for antiferromagnetism in a metal.

M. A. Metlitski and S. Sachdev, Phys. Rev. B 82, 075128 (2010)



Generalized charge density wave (CDW) :
Bose condensation of particle-hole pairs
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A CDW with P, # 0 is nearly degenerate with SC near the
quantum-critical point for antiferromagnetism in a metal.

M. A. Metlitski and S. Sachdev, Phys. Rev. B 82, 075128 (2010)



Generalized charge density wave (CDW) :
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A CDW with P, # 0 is nearly degenerate with SC near the
quantum-critical point for antiferromagnetism in a metal.

M. A. Metlitski and S. Sachdev, Phys. Rev. B 82, 075128 (2010)



d-wave bond order. Ty_>
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Plot of P;; = <c;fac]a for 1 = 7, and 17 ] nearest neighbors.

Pij _ /73 zk (rz—rj) iQ-(r7;+rj)/2 4+ c.c.
P(k) = e%[cos(ky) — cos(ky)] and Q = (7/2,0)
This d-wave bond order was first discussed in
S. Sachdev and R. LaPlaca, Phys. Rev. Lett. 111, 027202 (2013).




d-wave bond order. Ty_>
X

Plot of P;; = <c;fac]a for 1 = 7, and 17 ] nearest neighbors.

Pij _ /73 zk (rz—rj) iQ-(r7;+rj)/2 4+ c.c.

e'? [cos( )—cos(k;y)] and Q= (7/2,0)

Density wave on
horizontal

bonds has a
phase-shift of 7
relative to the
wave on vertical

bonds

I -1
This d-wave bond order was first discussed in
S. Sachdev and R. LaPlaca, Phys. Rev. Lett. 111, 027202 (2013).
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Plot of P;; = <cjac]a for 1 = 7, and 7, j nearest neighbors.
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e'? 0.3 + cos(ky )—Cos(ky)] and Q = (m/2, /g)g

+1

|
J

ot
|

Density wave on
horizontal

bonds has a
phase-shift of 7
relative to the
wave on vertical

bonds

This d-wave bond order was first discussed in
S. Sachdev and R. LaPlaca, Phys. Rev. Lett. 111, 027202 (2013)




Time-reversal symmetry breaking state |y
X

Plot of P;; = <c,:-racja> for + = 7, and 7, J nearest neighbors.
P,LJ — Z P(k)ezk(rz—rj) e’iQ-(ri—l—I‘j)/Q

Pk) = S_in(kx) sin(ky) 8;nd Q= (m,m)

p-wave Current order

This state breaks
time-reversal
and is also known as
“d-density wave”
(unfortunately),
and
“staggered-flux (SF)”.

S. Chakravarty, R. B. Laughlin, D. K. Morr, and C. Nayak, Phys. Rev. B 63, 094503 (2001).
P. A. Lee, N. Nagaosa, and X.-G. Wen, Rev. Mod. Phys. 78, 17 (2006).
R. B. Laughlin, Phys. Rev. B 89, 035134 (2014).
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“R-map” of BSCCO in zero magnetic field, similar to those published in
Y. Kohsaka, C. Taylor, K. Fujita, A. Schmidt, C. Lupien, T. Hanaguri,
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UD45K
BSCCO

R(r,150mV)

R(r,150mV)

Note that these are identical imdges.

K. Fujita, M. H Hamidian, S. D. Edkins, Chung Koo Kim, Y. Kohsaka, M. Azuma, M. Takano, H. Takagi,
H. Eisaki, S. Uchida, A. Allais, M. J. Lawler, E.-A. Kim, S. Sachdev, and J. C. Davis, arXiv:1404.0362



UD45K R(r=0,150mV) ¥ X

K. Fujita, M. H Hamidian, S. D. Edkins, Chung Koo Kim, Y. Kohsaka, M. Azuma, M. Takano, H. Takagi,
H. Eisaki, S. Uchida, A. Allais, M. J. Lawler, E.-A. Kim, S. Sachdev, and J. C. Davis, arXiv:1404.0362



Broad (0,Q) and (Q,0) DW Features dy qx
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ReQ,(0,Q) Vs ReO,(0,Q)

| Rer(Q,O) +ReO,(Q0)*0

ReO,(0,Q) + Re0,(0,Q) # O -1 +1

K. Fujita, M. H Hamidian, S. D. Edkins, Chung Koo Kim, Y. Kohsaka, M. Azuma, M. Takano, H. Takagi,
H. Eisaki, S. Uchida, A. Allais, M. J. Lawler, E.-A. Kim, S. Sachdev, and J. C. Davis, arXiv:1404.0362




ImQ,(0.Q) Vs ImO,(0,Q)

ImO(0.Q) + IMO,(0,Q) ~ 0

ImO,(Q.0) + IMO,(Q,0) = O -1 +1

K. Fujita, M. H Hamidian, S. D. Edkins, Chung Koo Kim, Y. Kohsaka, M. Azuma, M. Takano, H. Takagi,
H. Eisaki, S. Uchida, A. Allais, M. J. Lawler, E.-A. Kim, S. Sachdev, and J. C. Davis, arXiv:1404.0362
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7 analysis of X-ray scattering

— a6 Q = (Qo,0)

. in Bi2201 and YBCO

/

a SIDE VIEW b . In addition, by adopting a special experimental
geometry, we also resolve the intra-unit-cell sym-
metry of the charge ordered state, which is re-
vealed to be a d-wave bond-order. These results
represent a fundamental advancement in our mi-
croscopic description of charge order in cuprates,
and provide crucial insights for the understanding
of its origin and interplay with superconductivity

and magnetism.
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Fermi surface+antiferromagnetism

Metal with “large”
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The electron spin polarization obeys

<§(r, 7‘)> — J(r, 7)e™ "

where K = (m,7) is the ordering
wavevector.
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Fermi surfacetantiferromagnetism

(2., 1s approximately the separation between hotspots.
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