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COOPER-PAIR DENSITY WAVE (FFLO) THEORY




COOPER PAIR DENSITY WAVE STATE (PDW)
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Cooper-pairs non-zero COM momentum: Modulating Cooper-pair Density




COOPER PAIR DENSITY WAVE STATE (PDW)
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NEVER OBSERVED DIRECTLY




EXCITON PAIR DENSITY WAVE (CDW)







CUPRATE PAIR DENSITY WAVE




HOLE-DOPED CuO, MOTT INSULATOR

U=3eV, t=400meV, J=150meV

= half-filling = correlated AF insulator




HOLE-DOPED CuO, MOTT INSULATOR
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PSEUDOGAP = BROKEN-SYMMETRY STATE ?
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HOLE-DOPED SPIN LIQUID + BROKEN SYMMETRY STATE ?




CuO, STRONG-COUPLING THEORY

Strong-Coupling CuO, plane t-J Model

H = _Z(i,j),a PGtij(C-iraCja + h.c. ) P
+] Y<ij>Si* S,

P projects out doubly occupied sites
from the Hilbert space.

0.30




CuO, STRONG-COUPLING THEORY = PAIR DENSITY WAVE
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CuO, STRONG-COUPLING THEORY = PAIR DENSITY WAVE
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* Natural in strong coupling
close to that of DSC
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PSEUDOGAP < PAIR DENSITY WAVE

Natural in strong coupling
theory of hole-doped CuO,

PDW free energy density very
close to that of DSC

PDW exhibits a particle-hole
symmetric antinodal gap

PDW exhibits k-space ‘Fermi
Arc’ of unbound electrons




PSEUDOGAP < PAIR DENSITY WAVE

Natural in strong coupling
theory of hole-doped CuO,

PDW free energy density very
close to that of DSC

PDW exhibits a particle-hole
symmetric antinodal gap

PDW exhibits k-space ‘Fermi
Arc’ of unbound electrons

PDW vyields small electron-like
pocket with correct frequency
of guantum oscillations




PSEUDOGAP < PAIR DENSITY WAVE

Natural in strong coupling
theory of hole-doped CuO,

PDW free energy density very
close to that of DSC

PDW exhibits a particle-hole
symmetric antinodal gap

A S0 ! 1t vV , PDW exhibits k-space ‘Fermi
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s 4 Arc’ of unbound electrons

PDW vyields small electron-like
pocket with correct frequency
of guantum oscillations

* PDW gives the correct spectral
functions for underdoped CuO,




PSEUDOGAP < PAIR DENSITY WAVE

Natural in strong coupling
theory of hole-doped CuO,

PDW free energy density very
close to that of DSC

PDW exhibits a particle-hole
symmetric antinodal gap

PDW exhibits k-space ‘Fermi
Arc’ of unbound electrons

PDW vyields small electron-like
pocket with correct frequency
of quantum oscillations

PDW gives the correct spectral
functions for underdoped CuO,

PDW generates charge density
modulations primarily 2Qp.




DOES STRONG-COUPLING PDW STATE EXIST IN CUPRATES?
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VISUALIZE COOPER-PAIR CONDENSATE: (c ¢’ _k+Qp )




VISUALIZE COOPER-PAIRS ?
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VISUALIZE CUPRATE COOPER-PAIRS

7 Caj.9oNag19Cu0,Cl;

Requires SJTM with Spatial Resolution ~1nm




VISUALIZE CUPRATE COOPER-PAIRS

Josephson
I]R = A (Cooper Pair)

Current

h

. Josephson
k=521

2 Energy

Phase
Stabilization
E; > kT

Temperature

Requires high gap A>10meV & Millikelvin Temperatures T<<1K




VISUALIZE CUPRATE COOPER-PAIRS

N s Custom Designed and Built
Ultra-low Vibration - MK-STM head

Custom Designed
Ultra-low-vibration
Dilution Refrigerator

Millikelvin Operating Temperature STM




HTS STM TIP: A~25 meV
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High-T, SC tip
with ~nm
resolution

Nature 532,343 (2016)




JOSEPHSON CURRENT / HTS STM TIP
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50mK / Arp~25 meV / nm RESOLUTION / Ry=10 MQ / 256X256

Norm. dI/dV

Nature 532,343 (2016)




SJTM IMAGING of I-(r) on Bi,Sr,CaCu,0,,4
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SJTM IMAGING of I-(r) on Bi,Sr,CaCu,0,,g
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VALIDATE COOPER-PAIR CONDENSATE IMAGING ?

Nature 532,343 (2016)




VALIDATE COOPER-PAIR CONDENSATE IMAGING ?

VOLUME 77, NUMBER 27 PHYSICAL REVIEW LETTERS 30 DECEMBER 1996

Muon Spin Relaxation Studies of Zn-Substitution Effects in High-7, Cuprate Superconductors

B. Nachumi, A. Keren, K. Kojima, M. Larkin, G.M. Luke, J. Merrin, O. Tchernyshév, and Y.J. Uemura
Physics Department, Columbia University, New York, New York 10027

N. Ichikawa, M. Goto, and S. Uchida

Department of Superconductivity, University of Tokyo, Bunkyo-ku, Tokyo 113, Japan
(Received 12 September 1996)

We have performed transverse-field muon spin relaxation measurements of the Zn-substituted cuprate
high-T, superconductors: La,_,Sr,(Cu;_yZn,)O4 and YBa;(Cuj_yZn,)30663. The superconducting
carrier density/effective mass ny/m* ratio at T — 0 decreases with increasing Zn concentration, in a
manner consistent with our “swiss cheese” model in which charge carriers within an area 7 £;; around

each Zn are excluded from the superfluid. We discuss this result in the context of Bose condensation,
pair localization, and pair breaking. [S0031-9007(96)02011-X]




VALIDATE COOPER-PAIR CONDENSATE IMAGING
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SJTM IMAGING COOPER-PAIR CONDENSATE

Nature 532,343 (2016)




CUPRATE COOPER-PAIR DENSITY MODULATIONS

0 = (0,0.25)2n/a, ; (0.25,0)27/a,

Nature 532,343 (2016)




CUPRATE COOPER-PAIR DENSITY MODULATIONS







