Atomic-scale Antagonism between d-Symmetry Cooper Pairs
and d-Symmetry Density Waves in Underdoped Cuprates
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Atomic-scale Antagonism between d-Symmetry Cooper Pairs
and d-Symmetry Density Waves in Underdoped Cuprates
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Electronic Structure of High-T_, Cuprates




k-Space Topology (B=0)
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Laliberte et al, Nat. Comm. 2 432 (2011)
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Interplay Pseudogap, Density Wave & Superconductivity?

200 » DW is not the cause of
pseudogap regime.
» DW likely an instability
150 of pseudogap regime.
» B=0 DW is not cause of
— quantum oscillations.
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Visualizing Cuprate Symmetry Breaking




SPECTROSCOPIC IMAGING STM

Rev. Sci. Inst. 70, 1459 (1999).




Energy-resolved Visualization Real-Space Electronic Structure
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Energy-resolved k-Space Electronic Structure
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Features of SI-STM Technique
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» k-space & r-space simultaneously » access both filled & empty states

» energy resolution ~ 30 uV » functions in high magnetic field




Low Energy: Bogoliubov signature of d-wave Cooper pairing

Aaaatrbaanas,aag

| 5|
20 , 40

90 mV , Bias (mV)
PRL 94, 197005 (2005)  Science 454, 1072 (2007)  JPSJ 82,011005 (2011)  Science 344, 612(2014)




High Energy: Quasi-static Broken Symmetry States
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New SI-STM Modality: Phase Resolved Intra-unit-cell Imaging
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Nature 466, 374 (2010); NJP 14, 053017 (2012); J. Phys. Soc. Jpn 82,011005 (2011); PNAS 111, E3026 (2014)




New SI-STM Modality: Phase Resolved Intra-unit-cell Imaging

Information not possible from scattering probes

Nature 466, 374 (2010); NJP 14, 053017 (2012); J. Phys. Soc. Jpn 82,011005 (2011); PNAS 111, E3026 (2014)




New SI-STM Modality: Phase Resolved Intra-unit-cell Imaging

Cy4y = €y, (Nematic) : Re g(Q,)-Re g(Qp)
[nversion Breaking : |Im g(Q,)| +| Im g(Qg)|
Density Wave FF

Symmetry : To be described in this talk

Nature 466, 374 (2010); NJP 14, 053017 (2012); J. Phys. Soc. Jpn 82,011005 (2011); PNAS 111, E3026 (2014)







FF Symmetry of Cuprate Density Wave State
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Electronic Structure
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Incommensurate Q#0: Density Wave
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High-resolution Imaging Cuprate Broken-Symmetry States

Wu 71

Nature 430,1001 (2004) Science 315, 1380 (2007) Nature 466,374 (2010) Science 344, 612 (2014)




High-resolution Imaging Cuprate Broken-Symmetry States

Nature 430,1001 (2004) Science 315, 1380 (2007) Nature 466,374 (2010) Science 344, 612 (2014)




Q#0 Trans. & Rot. Symmetry Breaking

wWa g7
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Electronically Inequivalent Oxygen-sites within CuO, Unit Cell

Nature 430,1001 (2004) Science 315, 1380 (2007) Nature 466,374 (2010) Science 344, 612 (2014)
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Complex / Repeatable Patterns of IUC C, Breaking

Y . e W

Nature 430, 1001 (2004) Science 315, 1380 (2007)

BiZ_ZSrl_SE Ca,Dy)Cu,0,
gl wmaw W s » W.F o 8 F

i3

L3 u't' : '_r_l-'[
AU A

A"

5 y
' pe.
= N 5
,"F: - ‘ F‘i
‘ £

P .

o R T T S Y

150 mV, 4.2 K

Nature 466,374 (2010) Science 344, 612 (2014)

A

wu z 1

-




Proposals for Cuprate d-Symmetry FF Density Waves
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CuO, Lattice




d-Symmetry Form Factor




d-Symmetry Form Factor Density Wave
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O, Modulates at Q,
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Signature of dFF-DW
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Cuprate d-Symmetry FF Density Wave
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Sublattice Phase-Resolved Electronic Structure
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0, / O, Sublattice Segregation
0,(1)=R(x)3(r-ry,) | 0,(r)=R(r)(r-ry
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Both O,(r) and O,(r) show intense modulation.
PNAS 111, E3026 (2014)



Sublattice Phase-Resolved Symmetry Measurements

S : (0,(r)+0,(r)) R ~ D:(0,{1)-0,(x))

PNAS 111, E3026 (2014)



d-Symmetry FF Density Wave
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d-Symmetry FF DW Predominates

s -form factor - ? :"_' ; d-form factor

PNAS 111, E3026 (2014)




Real-space: Unidirectional d-Symmetry FF DW

Science 315, 1380 (2007) PNAS 111, E3026 (2014)
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d-Symmetry FF Density Wave
&
k-space Topology of Cuprates




Transition in k-space Electronic Structure




Evolution of Cuprate Broken-Symmetry States
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Bi,Sr,CaCu,04 k-space Topology from q,
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Bi,Sr,CaCu,04 k-space Topology from q,

Science 344, 612 (2014)




Bi,Sr,CaCu,04 k-space Topology from q,
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Abrupt Transition in Bi,Sr,CaCu,O4 k-space Topology at p=19+1%

Science 344, 612 (2014)
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Science 344, 612 (2014)
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Coincides with disappearance of d-symmetry FF Effects at ~ 19%




Simultaneous Symmetry & k-space Topology Transitions
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Microscopic Electronic Structure of
Cuprate d-Symmetry FF Density Wave




Mechanism of Cuprate d-Symmetry FF DW
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Mechanism of Cuprate d-Symmetry FF DW
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Co-existence of charge-density-wave and pair-density-wave orders in underdoped
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Experimental Challenges

» Determine if cuprate dFF-DW exhibits a characteristic energy gap ?

» ldentify the k-space states contributing to dFF-DW spectral weight ?

» Symmetry relating DW modulations above /below Fermi energy ?

The wavefunctions of the density wave at
Q=ky —k, that form bonding/anti-
bonding states below/above the Fermi level
are etk1rm 4 pik2T

(1) Densities of these states are

maximum at E~xApw edges.
“Ke 0 Kg=m/2a

insulator (2) Densities of filled/empty states are

¥ . g st out of phase
FIG. 1. Peierls distortion in a one-dimensional metal with a . . p2
half-filled band: (a) undistorted metal: (b) Peierls insulator. |elk1'r i elkz.r| = 2(1 i COS(Q ) 1'))

» Checkerboard or domains of unidirectional dFF-DW ?

» Microscopic interplay pseudogap, density wave, superconductivity?




Real Space dFF-DW Domain Structure

D: (0,(r)-0,(r))

"




Real Space dFF-DW Domain Structure
(D,(r)-Dy(r))/(D,(r)+D,(r))




THANKS!

" a e i !
Kazuhiro Fujita Mohammad Hamidian Stephen Edkins

Cornell/ BNL Cornell / BNL St Andrews/Cornell

Michael Lawler Eun-Ah Kim Subir Sachdev
Cornell / Binghamton Cornell Harvard




