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PAIR	DENSITY	WAVE	IN	THE	CUPRATES?	

PDW	State?	



Prediction	of	Pair	Density	Wave		

1964 

Sov.	Phys.	JETP	20	762	(1964)	 Physical	Review	135	A550	(1964)	
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Zero	Centre	of	Mass	Momentum	
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L=0	

Homogeneous	Cooper	Pair	Density	



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	

Sta;c	Charge	Stripes	

Sta;c	Spin	Stripes	

2D	SC	
Fluctua;ons	

‘Striped’		
Supercondutor	

PDW	

Q.	Li	et	al.	PRL	99,	067001	(2007)	
E.	Berg	et	al.	PRL	99,	127003	(2007)	



EVIDENCE	FOR	PDW	ORDER	IN	Bi-CUPRATES	

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

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



Bi2212 
UD45K VISUALIZE	CUPRATE	COOPER-PAIR	CONDENSATE	

Requires	Scanned	Josephson	Tunneling	Microscopy	(SJTM)	

Cooper-Pair	Tunneling	



Bi2212 
UD45K VISUALIZE	CUPRATE	COOPER-PAIR	CONDENSATE	

Josephson	Tunneling	
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d-WAVE	SC	HTS	TIP:	Δ~25	meV	

SIN 
SIS 



d-wave	BSCCO	;p	/	T	=	50mK	

T	=50mK	

SJTM	IMAGING		IC(r)		OF	Bi2Sr2CaCu2Ox+8	

IC(r)		α  IJ2(r)		 

Ic	



Ic(r)	 76x76nm	Topography	T=50mK	

SJTM	IMAGING		IC(r)		OF	Bi2Sr2CaCu2Ox+8	

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

14 pA  

0 pA  

Op;mal	Doping	



Bi2212 
UD45K VALIDATE	COOPER-PAIR	CONDENSATE	IMAGING	?	



Ic(r)	 dI/dV(r,	20mV)	

Zn	Atom	

Bi2212 
UD45K VALIDATE	COOPER-PAIR	CONDENSATE	IMAGING	

M.	H.	Hamidian*	&	S.D.	Edkins*	et	al.		Nature	532,	343	(2016)	
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T=50mK	
Op;mal	Doping	



Bi2212 
UD45K CUPRATE	PAIR	DENSITY	WAVE?	

Ic(r)	50mK	

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

14 pA  

0 pA  

Op;mal	Doping	



Bi2212 
UD45K 4a0	Modulation	in	Condensate	

Ic(r)	

+	+	

+	+	

(0.5,0)	(0,0.5)	

Ic(q)	50mK	

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

Op;mal	Doping	



Bi2212 
UD45K First	Direct	Detection	of	Periodically	Modulating	

Condensate	
Ic(r)	

+	+	

+	+	

(0.5,0)	(0,0.5)	

Ic(q)	

Q	=	(0,0.25)2π/ao	;	(0.25,0)2π/ao		
M.	H.	Hamidian*	&	S.D.	Edkins*	et	al.		Nature	532,	343	(2016)	
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T=50mK	
Op;mal	Doping	



	

Does	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	

è	We	have	not	directly	detected	distinct	phase	of	matter	@	T	<	Tc	



Is	pure	PDW	present	above	Tc?	



Approach	1	

SJTM	above	Uniform	Tc	
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Extremely	technically	
challenging!	



Approach	2	

Charge	Modulation		
Wave-vectors	
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Looks	at	difference	with	and	without		
uniform	SC	component	



Symmetry	Allowed	Couplings:	
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PDW	Q	è	CDM	2Q	

PDW	Q		+	SC	è	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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T	>	Tc	

Key	Signature	of	Pure	PDW	
	

T	<	Tc	

PDW	Q	è	CDM	2Q	

PDW	Q	è		CDM	2Q	
and	CDM	Q	

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



Approach	2	–	Continued	
Use	B	instead	of	T	

B=0	T	 B=8	T	



8.25	T	

S.	D.	Edkins	et	al.	(2017)	



0	T	

S.	D.	Edkins	et	al.	(2017)	



Difference	

S.	D.	Edkins	et	al.	(2017)	



Z(B=8T)	 Z(B=0T)	 δZ=Z(8T)-Z(0T)	

42nmx42nm	

S.	D.	Edkins	et	al.	(2017)	



Approach	3	
Comparison	of	realistic	spectral	function		

calculations	with	experiment	
	

P.	Lee,	PRX,	031017	(2014)		
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	M.	Granath,	B.	Andersen	PRB	81,	024501	(2010)	
E.	Berg	et	al.		New	J.	Phys	11,	115004	(2009)	

M.	Zelli	et	al.	PRB	86,	104507	(2012)	
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P.	Choubey	et	al.,	New	J.	Phys.	19	013028	(2017)	
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Thanks!	


