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PDW	@ VORTEX	HALO	⇒	QP &	2QP CHARGE	DENSITY	MODULATIONS
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12	nm

12	nm

p~10%	 p~10%	

BOND-CENTERED	d-SYMMETRY	FF	UNIDIRECTIONAL	‘MOTIF’	



MACHINE	LEARNING	IDENTIFIES	THIS	‘MOTIF’	UNIVERSALLY	

45	nm

Yi	Zhang…	
EAK.	et	al
Nature	570,	
484	(2019)



QUASIPARTICLE	N(r,E)	

PNAS	117,	14850 (2020)	

𝑔(𝒓, 𝑉) ≡
𝑑𝐼
𝑑𝑉 (𝒓, 𝑒𝑉)

𝑍 𝒓, 𝐸 ≡
𝑔 𝒓,𝑉
𝑔 𝒓,−𝑉



RENORMALIZED	MEAN-FIELD	t-J :	l=8a0 PDW	+	DSC

𝐻 = − E
.,0 ,1

𝑃2𝑡.0 𝑐.1
3 𝑐01 +ℎ. 𝑐. 𝑃2 + 𝐽 E
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𝐒𝒊 N 𝐒𝒋

CuO2 electronic	structure	&	t-JHamiltonian

Ø Replace	PG	by	spin/charge	renormalization	
factors	– variable	by	atomic	site..	

Ø Decouple	into	a	diagonalizable	mean-field	
approximation	using:	on-site	hole	density	
𝛿. ,	bond-order	field	χ.01 ,	and	electron-pair	
potential		Δ.01 .

Ø Initialize	with	a	set	of	order	parameter	
fields	modulating	at	𝑸, = (±1/8,0)2𝜋/𝑎8,	

Predict:

ØNet	charge	Cu	site		𝛿. = 1−< Ψ8 ∑1 𝑛.1 Ψ8 >
ØBond-order	field		χ.01 =< Ψ8 𝑐.1

3 𝑐01 Ψ8 >
ØElectron-pair	field	Δ.01 = 𝜎 < Ψ8|𝑐.1𝑐091|Ψ8 >
ØQuasiparticle	density	of	states	N. at	every	site

Choubey et al. New J. Phys. 19, 013028 (2017); . Proc. Natl. Acad. Sci. U. S. A. 117, 805 (2020).

COEXISTING	ORDER	PARAMETERS	=	INTERTWINED



PNAS	117,	14850 (2020)	

l=8a0 PDW	+	DSC	:	N(r,E)  &  D(r) 

𝑍 𝒓, 𝐸 ≡
𝑔 𝒓, 𝑉
𝑔 𝒓,−𝑉

Δ 𝒓
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Nat.Comm	12,	6087 (2021)	

𝑔(𝒓, 𝑉) ≡
𝑑𝐼
𝑑𝑉 (𝒓, 𝐸 = 𝑒𝑉)

• Λ 𝒒, Δ8 provides	an	efficient	
characteristic	“fingerprint”	of	
any	ordered	state	that	controls	
scattering		wavevectors.	

QUASIPARTICLE INTERFERENCE Λ 𝒒, D0

Λ 𝒒, Δ8 ≡ ∑B≅8
D& 𝑍(𝒒, 𝐸)

Λ 𝒒, Δ&

𝑍 𝒒,𝐸 = ℱ𝑍 𝒓,𝐸 .



RENORMALIZED	MEAN-FIELD	t-J :	l=8a0 PDW	+	DSC

𝐻 = − E
.,0 ,1

𝑃2𝑡.0 𝑐.1
3 𝑐01 +ℎ. 𝑐. 𝑃2 + 𝐽 E
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𝐒𝒊 N 𝐒𝒋

CuO2 electronic	structure	&	t-JHamiltonian

Ø Replace	PG	by	spin/charge	renormalization	
factors	– variable	by	atomic	site..	

Ø Decouple	into	a	diagonalizable	mean-field	
approximation	using:	on-site	hole	density	
𝛿. ,	bond-order	field	χ.01 ,	and	electron-pair	
potential		Δ.01 .

Ø Initialize	with	a	set	of	order	parameter	
fields	modulating	at	𝑸, = (±1/8,0)2𝜋/𝑎8,	

Predict:

ØNet	charge	Cu	site		𝛿. = 1−< Ψ8 ∑1 𝑛.1 Ψ8 >
ØBond-order	field		χ.01 =< Ψ8 𝑐.1

3 𝑐01 Ψ8 >
ØElectron-pair	field	Δ.01 = 𝜎 < Ψ8|𝑐.1𝑐091|Ψ8 >
ØQuasiparticle	density	of	states	N. at	every	site

Choubey et al. New J. Phys. 19, 013028 (2017); . Proc. Natl. Acad. Sci. U. S. A. 117, 805 (2020).

Δ.01 = 𝜎 < Ψ8|𝑐.1𝑐091|Ψ8 >



l=8a0 PDW	+	DSC	:	PREDICT	QPI	SIGNATURE	Λ 𝒒, Δ!

Nat.Comm	12,	6087 (2021)	

TC

PDW

PDW+DSC
𝑁 𝒒, 𝐸 ∝ 𝐼𝑚𝐺 𝑘, 𝐸 𝑇𝐺 𝑘 − 𝑞, 𝐸 ⟹ Λ 𝒒, Δ: ≡ ∑S≅:

UE 𝑁 𝒒, 𝐸 /𝑁(𝒒,−𝐸)



Nat.Comm	12,	6087 (2021)	

l=8a0 PDW	+	DSC	:	MEASURE	QPI	SIGNATURE	Λ 𝒒, Δ!



Nat.Comm	12,	6087 (2021)	

Tc
0.4Tc 0.8Tc Tc 1.25Tc

Λ(q,D0)	versus	T
0.1Tc 1.5Tc

l=8a0 PDW	+	DSC	:	Λ 𝒒, Δ!



PSEUDOGAP	(T>TC):	Λ 𝒒, Δ! OF	l=8a0 PDW

Nat.Comm	12,	6087 (2021)	

Λ(q,D0)

AF

PSEUDOGAP

T*

Tc

PDW+DSC
DSC

PDW

8a0 4a0
EXPT
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SJTM:	VISUALIZATION	OF	ELECTRON-PAIR	DENSITY	nP(r)

𝑇 𝐫 IV 𝐫

NO DETECTABLE CHARGE MODULATIONS



SJTM:	VISUALIZATION	OF	ELECTRON-PAIR	DENSITY	nP(r)

𝑇 𝐫 IV 𝐫

Weijiong Chen et al (2022)



ELECTRON-PAIR	DENSITY	nP(r)	MODULATIONS

AW 𝐫 𝐶𝑜𝑠(𝑄X𝑥 + 𝜃X) AY 𝐫 𝐶𝑜𝑠(𝑄Z𝑦 + 𝜃Z)

Weijiong Chen et al (2022)



ELECTRON-PAIR	DENSITY	nP(r)	MODULATIONS

Weijiong Chen et al (2022)

AW 𝐫 ∝ 𝐼𝟎𝟐 ∝ 𝚫W 𝟐 AY 𝐫 ∝ 𝐼𝟎𝟐 ∝ 𝚫Y
𝟐



𝒩 𝐫 = UAW 𝐫 − AY 𝐫 AW 𝐫 + AY 𝐫

NEMATIC	ORDER-PARAMETER	FOR	nP(r)	MODULATIONS

Weijiong Chen et al (2022)



𝑞0

𝑞1

𝒩 𝐫 = UAW 𝐫 − AY 𝐫 AW 𝐫 + AY 𝐫

NEMATIC	ORDER-PARAMETER	FOR	nP(r)	MODULATIONS

Weijiong Chen et al (2022)



Zn	IMPURTY-ATOM	SITES	:	NEMATIC	DOMAIN	WALLS

Weijiong Chen et al (2022)
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MEASURED PAIR	MODS CHARGE	MODS	 MODEL

PAIRS PAIR	DENSITY		 𝑛2(𝒓) 𝑄^.
2𝜋
𝑎

= 1/4 - IZ

VORTEX QP	DENSITY					 𝑁(𝒓, ~Δ_) 𝑄U
2𝜋
𝑎

= 1/8 𝑄<
2𝜋
𝑎

= 1/8

𝑄<
2𝜋
𝑎

= 1/4

GLW(8a0)

GAP (PSEUDO)GAP					 Δ(𝒓) 𝑄U
2𝜋
𝑎

= 1/8 𝑄<
2𝜋
𝑎

= 1/8

𝑄<
;`
-

= 1/4

GLW(8a0)

QP	DOS QP	DENSITY					 𝑁(𝒓, ~Δ_) 𝑄2
2𝜋
𝑎 = 1/8 𝑄<

2𝜋
𝑎 = 1/8

𝑄<
;`
-

= 1/4

RMFtJ(8a0)

PG	QPI INTERFERENC
E	

Λ(𝒒, ~Δ:) 𝑄2
;`
- = 1/8 RMFtJ(8a0)

PAIRS PAIR	DENSITY		 𝑛2(𝒓) 𝑄^.
2𝜋
𝑎

= 1/4 NONE IZ
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‘FUJITA	CONJECTURE’

ΔF* = Δ8 𝑒.G'
Δ** = Δ8 𝑒.G(

Josephson Current 

𝐼$* =
𝐾
𝑖ℏ ΔFΔ*∗ −ΔF∗ Δ* =

2𝐾
ℏ Δ8 H sin 𝜃F −𝜃*

Normal Josephson effect
𝐼$ = 𝐼I sin 𝜃F −𝜃*

𝐼J𝑅KH ∝ 𝐼IH

Assume 𝜃F −𝜃* =
L
H

𝐼J𝑅KH ∝ 𝐼$*
H + 𝐼$M

H =
2𝐾
ℏ

H
Δ8 N 1 + 𝛼Hsin Q𝛿 H

ΔFM = Δ8 𝛼𝑒. ) O-P 𝑒.G'
Δ*M = Δ8 𝛼𝑒. )O 𝑒.G(

DSC part PDW part

Josephson Current 

𝐼$M =
𝐾
𝑖ℏ ΔFΔ*∗ −ΔF∗ Δ*

=
2𝐾
ℏ Δ8 H𝛼H sin −𝑄𝛿 + 𝜃F −𝜃*


