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(In the La-based superconductors, the region with magnetic
order overlaps with the intermediate region - | will not
discuss these materials)
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d-wave bond order

3. Evolution of Fermi surface
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Superconductor
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Superconductivity:
Bose condensation of Cooper pairs of electrons
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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)



Fermi surface+antiferromagnetism

Metal with “large”
Fermi surface

The electron spin polarization obeys

<§(r, 7‘)> — J(r, 7)e™ "

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




Fermi surfacetantiferromagnetism

Metal with “large” Fermi surface



Fermi surfacetantiferromagnetism

Fermi surfaces translated by K = (7, 7).



Fermi surfacetantiferromagnetism

“Hot” spots
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Electron and hole pockets in
antiferromagnetic phase with (J) # 0



Quantum phase transition with onset of
antiferromagnetism in a metal
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Quantum phase transition with onset of
antiferromagnetism in a metal

Find new instabilities
upon approaching
critical point

(@) # 0

Metal with electron
and hole pockets

FermiNSurface




Pairing “glue” from antiferromagnetic fluctuations
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Pairing “glue” from antiferromagnetic fluctuations

Electron hopping
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Pairing “glue” from antiferromagnetic fluctuations

Antiferromagnetic
exchange
Interaction
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Pairing “glue” from antiferromagnetic fluctuations
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Pairing “glue” from antiferromagnetic fluctuations
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d-wave superconductor:
sign-changing pairing amplitude
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Scanning
Tunneling

120 Microscopy
(STM)
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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,Og 5
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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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“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).



Fourier transform yields non—dispersing peaks at
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Fourier transform yields non-dispersing peaks at
Q ~ 27‘(‘(::1/4, O) and ~ 27T(O, ::1/4)
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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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Science 315, 1380 (2007).



X-ray scattering
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Many groups have observed CDW peaks in X-ray scattering
over the past 2 years.

These 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, 1.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) order

(ch(r1)calrs))
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Nearly constant CDW order parameter



Generalized charge density wave (CDW) order

d*k

“Polarization” function P(r) = / 4_27D(k)6ik-r
-

Time-reversal symmetry requires P (k)
We expand

P(k) = Ps + Py (cosky + cosky) + Pa(cos ky — cosky) . ..




Generalized charge density wave (CDW) order

d?k |
“Polarization” function P(r) = / _p(k)ezk-r

42

Time-reversal symmetry requires P (k)
We expand

P(k) = Ps + Py (cosky + cosky) + Pa(cos ky — cosky) . ..

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)
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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) order

(cl(r1)calrs))

— 7)(1'1 — I'Q)

X Vopw (

ri{ + o

2

) e!Q (ritr2)/2 4

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.
Plot of P;; = <czacja> for + = 7, and 7, 7 nearest neighbors.

Py = {/ P(k)eik'(“rﬂ')} ! Q (ritr;)/2
Kk

P(k) cos(k;) —cos(k,) 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.
Plot of P;; = <czacja> for + = 7, and 7, 7 nearest neighbors.

Py = {/ P(k)eik'(“rﬂ')} ! Q (ritr;)/2
Kk

P(k) cos(k;) —cos(k,) and Q = (7m/2, O)

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).




Pseudospin symmetry of the exchange interaction
Hy=JS -5

with §; = %c;-rac?agcz. 5 18 the antiferromagnetic exchange inter-

action. Introduce the Nambu spinor

Cit Cil
Wi = ( CTi > , W = ( _CTT >

Then we can write

1 . L
Hj; = gJ (‘Ifiaa%ﬁ‘l’wa) | (‘I’gvbgvﬂ’%b)

where a,b are the Nambu indices. This form makes explicit
the symmetry under independent SU(2) pseudospin transfor-
mations on each site Vo — U; b Wiab

I. Affleck, Z. Zou, T. Hsu, and P. W. Anderson, Phys. Rev. B 38, 745 (1988)
E. Dagotto, E. Fradkin, and A. Moreo, Phys. Rev. B 38, 2926 (1988)

P. A. Lee, N. Nagaosa, and X.-G. Wen, Rev. Mod. Phys. 78, 17 (2006)
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Same “glue” leads to d-wave particle-hole pairing !

Zt@] CiaCja A = a -
3.J
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(i5)
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M.A. Metlitski and S. Sachdev, Phys. Rev. B 85,075127 (2010)

S.Sachdev and R. LaPlaca Phys. Rev. Lett. 111,027202 (201 3)
A J. C. Davis and Dung-Hai Lee, Proc. Natl. Acad. Sci. 1 10, 17623 (201 3)
J. D. Sau and S. Sachdev, Phys.Rev.B 89,075129 (2014)
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Eigenvalues, A(Q), of the spin-singlet, particle-hole propagator.

The corresponding eigenvector is P(k) and this leads to the order
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Eigenvalues, A(Q), of the spin-singlet, particle-hole propagator.

The Corresponding eigenvector is P(k) and this leads to the order
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Eigenvalues, A(Q), of the spin-singlet, particle-hole propagator.

The Corresponding eigenvector is P(k) and this leads to the order




Fermi surfacetantiferromagnetism

A Qm is approximately the separation between hotspots.




Results of a variational Monte Carlo computation on a

wavefunction with double-occupancy projected out.
A. Allais, J. Bauer, and S. Sachdev, arXiv:1402.4807
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A

+0.00
xf s ]
ky
0
0O k,
le
0 ‘-l .
0 O, m —-0.16
%
3.0¢
2.5¢
2.0¢
1.5¢
1.0f
0 no order
0.5¢

06000 0.02 0.04 0.06 0.08 0.10 0.12 0.14 ~

+0.00
78 s ]
ky
0
0O k., =«
Qy
Ot. . .
0 o m —-0.33
V
5.
4 (Qo, Qo)
3.
2.
1t no order SF

000 0.05 0.10 0.15 020 0.25 0.30



Results of a variational Monte Carlo computation on a

wavefunction with double-occupancy projected out.
A. Allais, J. Bauer, and S. Sachdev, arXiv:1402.4807
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Results of a variational Monte Carlo computation on a

wavefunction with double-occupancy projected out.
A. Allais, J. Bauer, and S. Sachdev, arXiv:1402.4807

Q of the lowest
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See also:
Feedback of SC fluctuations on the wavevector of the charge order

D. Chowdhury and S. Sachdev, to appear




d-wave bond order.

Plot of P;; = <C;racja for 1 = 7, and 17 ] nearest neighbors.

Pij _ / 73 zk (r;—r;) iQ-(ri—I—rj)/Q
Pk) = 0.3+ cos(k;)— Cos(ky) and Q = (7/2,0)
Ap

+1

Density wave on
horizontal
bonds has a
phase-shift of 7
relative to the
wave on vertical 0

bonds

This d-wave bond order was first discussed in
S. Sachdev and R. LaPlaca, Phys. Rev. Lett. 111, 027202 (2013).
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M. Azuma, M. Takano, H. Eisaki, H. Takagi, S. Uchida, and J. C. Davis,
Science 315, 1380 (2007).
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0.4 nm

Y. Kohsaka et al., SCIENCE 315, 1380 (2007)
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This d-wave bond order was first discussed in
S. Sachdev and R. LaPlaca, Phys. Rev. Lett. 111, 027202 (2013).
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This d-wave bond order was first discussed in
S. Sachdev and R. LaPlaca, Phys. Rev. Lett. 111, 027202 (2013).




The symmetry of charge order in the cuprates
R. Comin, R. Sutarto, F. He, E. da Silva Neto, L. Chauviere, A. Frano,
R. Liang, W.N. Hardy, D.A.Bonn, Y. Yoshida, H. Eisaki, J. E. Hofflman,
B. Keimer, G.A. Sawatzky, and A. Damascelli, arXiv:1402.5415

oPVEN gl Polarization and angular
Sample

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.



The symmetry of charge order in the cuprates
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R. Liang, W.N. Hardy, D.A.Bonn, Y. Yoshida, H. Eisaki, J. E. Hofflman,
B. Keimer, G.A. Sawatzky, and A. Damascelli, arXiv:1402.5415
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(My “cosmic
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“R-map” of BSCCO in zero magnetic field, similar to those published in
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Science 315, 1380 (2007).
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underdoped high-T. superconductor

Nicolas Doiron-Leyraud’, Cyril Proust®, David LeBoeuf', Julien Levallois® Jean-Baptiste Bonnemaison’,
Ruixing Liang™*, D. A. Bonn>*, W. N. Hardy>* & Louis Taillefer*
Nature 447, 565 (2007)

a 4 - -
_ 1/(530T) |
- e a
X - e LT
@ Cu?+ Cus ‘ ______ -4
R - 8 I o
® o ¢ ¥ ¢
— - o— 91—
g 0 | e
é i @ v | '. ----- .:---~116802A
= o S L7
> B . Ba?* — O|—2
i ¢ Pa|®
4 ‘-'*-iz;.;"_
i ‘ ® /" /.,3.3372;\
6} . ¥a 38227 A
0.015 0.020 0.025



0.6 |
Fa [\ .
— 0.5 U\ 38.0°
= AW .'II | .';
g N ﬁv/\%u{:\f\/q\jﬂdf xlln" J
04 | SOV
-E el AN ; ! |I . E .
S RN AT ——52.9° {, D
® 0.3 spin zero 1 152.9 4 _
57.2° angle It
= ch/’ JAVAVATAVR %aji H4
— 02 - il A J : i .' X a = ﬂ -
E- WN | v v ' 572 angle g Yamaji angle
< ALY 62.6° ¢l AAVAA 142
0.1 WW’VV\/‘ A 1k | ® e
RACT AN AN\ S [0=-182
o _ w2
Wn St YBEZCUSDE 56 : fundamental | OF \
0.0 gA746  angle data g AR warping model . -B-{E.-[-.).ZI.B.FZ. |

0035 0025 0015 0035 0025 0015 9101112131415

1/Bcos0 (T™) 1/Bcosf (T™) B (T)
Twofold twisted Fermi surface from staggered order in APS March
an underdoped high T} superconductor meeting 2013
B2.00004

Suchitra E. Sebastian,'* N. Harrison,? F. F. Balakirev,? M. M. Altarawneh,?*
Ruixing Liang,* D. A. Bonn,*® W. N. Hardy,*” G. G. Lonzarich,!



N. Harrison and S. E. Sebastian, Phys. Rev. Lett. 106,226402 (201 1).



Electron spectral function in the presence of charge order

at Q = 27(0,0) and Q = 27(0, )

2710 2 257{
0 | ——— 0

0 T 2

S.Sachdev and R. LaPlaca Phys. Rev. Lett. 111,027202 (201 3)
A.Allais, D. Chowdhury, and S. Sachdey, to appear



Electron spectral function in the presence of charge order

at Q = 27(0,0) and Q = 27(0, )

2710 & 257{

Electron
pocket

S.Sachdev and R. LaPlaca Phys. Rev. Lett. 111,027202 (201 3)
A.Allais, D. Chowdhury, and S. Sachdey, to appear



Quantum oscillation in the presence of charge order

at Q = 27(6,0) and Q = 27(0,6)
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Electron spectral tunction with fluctuating charge order

and superconductivity at temperatures above 1.
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Spectral functions A(k,w=0) in the presence of fluctuating SC and BO (with wave
vectors (Q,0), (0,Q) ) at two different temperatures. Notice how spectral weight fills up
In the antinodal regions as a function of increasing temperature.
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