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Ts PAIR DENSITY WAVE IN THE CUPRATES?

PDW State?
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Fermi surface

Zero Centre of Mass Momentum
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Fermi surface

Homogeneous Cooper Pair Density
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Cooper Pairs acquire non-zero COM Momentum



FULDE-FERRELL / LARKIN-OVCHINNIKOV

PHYSICAL REVIEW VOLUME 135, NUMBER 3A 3 AUGUST 1964

Superconductivity in a Strong Spin-Exchange Field*

PETER FUuLDE AND RICHARD A. FERRELL
University of Maryland, College Park, Maryland
(Received 23 December 1963 ; revised manuscript received 17 April 1964)

Fulde, P & Ferrell, R. A. Phys. Rev. 135, A550 (1964).

Larkin, A. I. & Ovchinnikov, Yu. N. Zh. Eksp. Teor. Fis. 37 , 1146 (1964).

Asc(r) o (@] ()9l (r)) o exp(iq - 1)

Cooper Pairs acquire non-zero COM Momentum
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Spatially Modulated Cooper-pair Density
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No direct detection of FFLO state.
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EVIDENCE FOR ‘STRIPED SC’
IN La-CUPRATES

A ( A
L pc/pab ~ 2 X 103
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wx 1 ° g 2D SC
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EVIDENCE FOR PDW ORDER IN Bi-CUPRATES

ARPES gap opening around the
antinodes is not consistent with
CDW order or Q = 0 pairing

0.25 —03-02-0.1 00 0.1 02 03
k:aj /7'(-

R. He et al. Science 331, 1579 (2011) P. Lee, PRX 4,031017 (2014)




VISUALIZE CUPRATE COOPER-PAIR CONDENSATE

Cooper-Pair Tunneling

Requires Scanned Josephson Tunneling Microscopy (SJTM)



VISUALIZE CUPRATE COOPER-PAIR CONDENSATE

Josephson Tunneling




d-WAVE SC HTS TIP: A~25 meV

BSCCOTip 1 BSCCOTip 2

Normalized Conducance
Normalized Conductance

0
Bias (mV)




SJTM IMAGING I.(r) OF Bi,Sr,CaCu,0
pma—
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SJTM IMAGING I.(r) OF Bi,Sr,CaCu,0

Optimal Doping
T=50mK

x+8

M. H. Hamidian* & S.D. Edkins* et al. 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. Tchernyshov, 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: Lay_,Sr,(Cu;—,Zn;)Os and YBay(Cuj-,Zn,);0663. 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 &ap 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

(T)pé'l(l)rmi Doping / (r) dl/dV(r, 20mV)
,iq,%. o : “' A _.'Zn Atom %
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M. H. Hamidian* & S.D. Edkins* et al. Nature 532,343 (2016)



CUPRATE PAIR DENSITY WAVE?

Optimal Doping
50mK Ic(r)

_, - - o _-.

M. H. Hamidian* & S.D. Edkins* et al. Nature 532,343 (2016)



4a, Modulation in Condensate

() N /()

(0,0.5)

P

Q=(0,0.25)2x/a,; (0.25,0)2x/a,
M. H. Hamidian* & S.D. Edkins* et al. Nature 532,343 (2016)




First Direct Detection of Periodically Modulating

Optimal Doping
T=50mK

Condensate
I (r) . l.(q)
2V <N e | (0,0.5) (0.5,0)
+ +

Q=(0,0.25)2x/a,; (0.25,0)2x/a,
M. H. Hamidian* & S.D. Edkins* et al. Nature 532,343 (2016)




TADoes this constitute a distinct phase ?




Classify Phases using Broken
Symmeties

Uniform SC + PDW breaks ...

Global phase and translation symmetries

Uniform SC + CDW breaks ...

Global phase and translation symmetries

=» We have not directly detected distinct phase of matter @ T < T,



[s pure PDW present above T _?
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Approach 1

S|TM above Uniform T_

Extremely technically
challenging!
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Approach 2

Charge Modulation
Wave-vectors

Looks at difference with and without
uniform SC component

0.20 0.25



Symmetry Allowed Couplings:
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150

pQQ\Ifié\If_@ + c.c

PDW Q = CDM 2Q

IOQ\IJS\IJ_Q* C.C

0 0.05 0.10 0.15 0.20 0.25
PDW Q +SC = CDM Q

Fradkin et al., Rev. Mod. Phys. 87, 457 (2015)
D. Agterberg, D. Tsunesugu, Nature Phys. 4, 639—-642 (2008)
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Key Signature of Pure PDW

T>T

c

PDW Q = CDM 2Q

T<T

c

PDW Q = CDM 2Q
and CDM Q

0 0.05 0.10 0.15 0.20 0.25

p

Look for sub-harmonic of CDM modulation that appears in SC state
using STM, x-ray, neutron...



Approach 2 - Continued

Use Binstead of T
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S.D. Edkins et al. (2017)




Z(B=8T) Z(B=0T) 8Z=7(8T)-Z(0T)

42nmx42nm

S.D. Edkins et al. (2017)



Approach 3

Comparison of realistic spectral function
calculations with experiment

S. Baruch, D. Orgad, PRB 77 174502 (2008)
E.Bergetal. New ].Phys 11, 115004 (2009)

M. Granath, B. Andersen PRB 81, 024501 (2010)

M. Zelli et al. PRB 84, 174525 (2011)

M. Zelli et al. PRB 86, 104507 (2012)

P. Lee, PRX, 031017 (2014)

S.Verret et al PRB 95,054518 (2017)

P. Choubey et al.,, New ]. Phys. 19 013028 (2017)
J. Wardh, M. Granath arXiv:1703.03781 (2017)
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