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E

- 2p/a0 - p/a0 0 + p/a0 + 2p/a0
k

EF

ELECTRON-PAIR
FLUID

Dk

Ψ =#
!

𝑢! + 𝑣!𝑐!↑
# 𝑐$!↓

# ⟩|0𝜓 = ,𝑐!↑
# -𝑐$!↓

#

QUASIPARTICLES

𝛾!"↓
$ = 𝑢" 𝑐!"↓

$ − 𝑣" ℎ!"↓
$

D-k

a0

ELECTRON-PAIR	CONDENSATEI

BCS 
WAVEFUNCTION

CONDENSATE  
ORDER PARAMETER

Ψ =)
"

𝑢" + 𝑣"𝑐"↑
$ 𝑐!"↓

$ ⟩|0

PAIR POTENTIAL
(ENERGY GAP)

Δ! = −&
!#

𝑉!!#
𝑁

Δ!

2 𝜖!$ + Δ!$
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𝐻 =/
!&

𝜖!&𝑐!&
# 𝑐!& +/

!!'

𝑉!!'
𝑁

𝑐!↑
# 𝑐$!↓

# 𝑐$!'↓𝑐!'↑

𝑐!↑
# 𝑐$!↓

# 𝑐$!'↓𝑐!'↑ ≈ 𝑐!↑
# 𝑐$!↓

# 𝑐$!'↓𝑐!'↑ + 𝑐!↑
# 𝑐$!↓

# 𝑐$!'↓𝑐!'↑ − 𝑐!↑
# 𝑐$!↓

# 𝑐$!'↓𝑐!'↑

𝐻 =/
!&

𝜖!&𝑐!&
# 𝑐!& −/

!

Δ!𝑐!↑
# 𝑐$!↓

# + Δ!∗ 𝑐$!↓𝑐!↑ +/
!

Δ! 𝑐!↑
# 𝑐$!↓

#

Δ! ≡ −∑!'
)!!"
*

𝑐$!'↓𝑐!'↑

ELECTRON-PAIR	CONDENSATEI

MODEL

APPROX.

BILINEAR

⟨Ψ|𝑐!↑
# 𝑐$!↓

# | ⟩Ψ = ⟨0|∏+ 𝑢+∗ + 𝑣+∗𝑐$+↓𝑐+↑ 𝑐!↑
# 𝑐$!↓

# ∏, 𝑢, + 𝑣,𝑐,↑
# 𝑐$,↓

# | ⟩0

𝑐!↑
# 𝑐$!↓

# = 𝑣!∗𝑢!

ANSATZ

𝑐!↑𝑐$!↓ = 𝑣!𝑢!∗

Ψ =#
!

𝑢! + 𝑣!𝑐!↑
# 𝑐$!↓

# ⟩|0
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𝑘 ↑ −𝑘 ↓

𝑘′ ↑ −𝑘′ ↓

𝑞, 𝜔
𝑉!,!#



FERMI-PAIR	CONDENSATE

Δ! ≡ −∑!'
)!!"
*

𝑐$!'↓𝑐!'↑ = −∑!"
)!!"
*
𝑣!"𝑢!"

∗

𝑣!𝑢!∗ =
Δ!

2 𝜖!$ + Δ!$

𝑢! $ =
1
2

1 −
𝜖!

𝜖!$ + Δ!$

𝑣! $ =
1
2

1 +
𝜖!

𝜖!$ + Δ!$

GAP	EQUATION

MINIMIZE:	⟨Ψ|𝐻| ⟩Ψ

Δ! = −/
!'

𝑉!!'
𝑁

Δ!

2 𝜖!- + Δ!-

2𝜖! 𝑢!𝑣! − Δ! 𝑢!- + Δ!∗ 𝑣!- = 0 ⟹ ⟹

⟹

ORDER	PARAMETER

𝜓 = #𝑐5↑
6 %𝑐75↓

6 𝑜𝑟 𝜓 = 𝑐75↓𝑐5↑ 𝑛𝑜𝑡 Δ5 = −,
58

𝑉558
𝑁

Δ5

2 𝜖59 + Δ59
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Ψ 𝑟, 𝑡 = 𝜓𝑒<=(?,A)

𝜓 = 𝑛. 𝜙(𝑟, 𝑡)
LondonCooper

CONDENSED	
PAIR	

DENSITY	nP

MACROSCOPIC	
QUANTUM	PHASE

Cooper

COOPER	PAIR

MACROSCOPIC	
QUANTUM	STATE

ENORMOUS	NUMBER	IN	
SAME	QUANTUM	STATE

MACROSCOPIC	QUANTUM	STATE	######Ψ(𝑟, 𝑡)

𝜓 𝒓# − 𝒓$ = 𝜙 𝒓# − 𝒓$
↑#↓$ −↓#↑$

2
= 𝜙 𝒓# − 𝒓$ 𝜒 #$ =*

%

𝑔%𝑒&%'()!*)")𝜒 #$ =*
%

𝑔%𝑐%↑
- 𝑐*%↓

- ⟩|0

Ψ =#
!

𝑢! + 𝑣!𝑐!↑
# 𝑐$!↓

# ⟩|0
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𝒋 ≡ 𝑛𝑞𝒑/𝑚

G𝒋
GA
= IJ.

K
E

𝛻×𝑬 = −
𝜕𝑩
𝜕𝑡

𝛻×𝑬 =
𝑚
𝑛𝑞1

𝜕𝛻×𝒋
𝜕𝑡

𝑚
𝑛𝑞1

𝜕𝛻×𝒋
𝜕𝑡 +

𝜕𝑩
𝜕𝑡 = 0

𝛻×𝒋 +
𝑛𝑞L

𝑚
𝑩 = 0

𝛻×𝑩 = 𝜇2𝒋

𝛻×𝛻×𝑩 = −
𝑛𝑞1

𝑚
𝜇2𝑩

= −𝛻1𝑩

NEWTON FARADAY AMPERE

LONDON1	 LONDON2 LONDON3

𝛻L𝑩 =
𝑛𝑞L𝜇M
𝑚

𝑩

𝜕𝒑
𝜕𝑡

= 𝑞𝑬

CONDENSATE	PARTICLES	(q,m,n) Ψ 𝑟, 𝑡 = 𝜓𝑒34(6,8)

MACROSCOPIC	QUANTUM	ELECTRODYNAMICS
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l/
0)( zeBzB -=

B(z)

l z

B0

SUPERCONDUCTOR

𝜆 = 𝑚/𝑛𝑞1𝜇2

CONDENSATE	PARTICLES	(q,m,n)

𝛻1𝑩 =
𝑛𝑞1𝜇2
𝑚 𝑩 =

1
𝜆1𝑩

Ψ 𝑟, 𝑡 = 𝜓𝑒34(6,8)

MACROSCOPIC	QUANTUM	ELECTRODYNAMICS
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𝒋 ≡ 𝑛𝑞𝒑/𝑚 𝑚 𝒗 ≡ 𝒑 − 𝑞𝑨 =
ℏ
𝑖
𝛻 − 𝑞𝑨

𝒋 = :
3
;
1<

ℏΨ∗𝛻Ψ − ℏΨ𝛻Ψ∗ - ;
:

<
𝑨 Ψ∗Ψ

CONDENSATE	PARTICLES	(q,m,n)

𝛻1𝑩 =
1
𝜆1
𝑩

𝒋 =
𝑞
2𝑚

Ψ∗(
ℏ
𝑖
𝛻 − 𝑞𝑨)Ψ + 𝐶𝐶

𝜓 1 ≡ 𝑛

𝛁×𝒋 =
−𝑞1𝑛
𝑚

𝛁×𝑨 =
−𝑞1𝑛
𝑚

𝑩 LONDON2

𝒋 =
𝑞
𝑚

𝜓 1 ℏ𝛻𝜙 − 𝑞𝑨

Ψ 𝑟, 𝑡 = 𝜓𝑒34(6,8)

MACROSCOPIC	QUANTUM	ELECTRODYNAMICS
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PERFECT	DIAMAGNET	

-M

HHc

𝜒 = −1

W.	Meißner	and	R.	Ochsenfeld,	
Naturwissenschaften	21,	787	(1933).

Meissner

𝛻1𝑩 =
1
𝜆1𝑩

𝑞 = −2𝑒SUPERCONDUCTOR: Ψ 𝑟, 𝑡 = 𝜓𝑒34(6,8)
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MAGNETIC	FLUX	QUANTUM
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𝛷2 =
ℎ
2𝑒

= 2×10>:? 𝑇𝑚1

J𝛻𝜙 K 𝑑𝑙 = 𝑞/ℏJ𝑨 K 𝑑𝑙 J𝑨 K 𝑑𝑙 = N𝛁×𝑨 K 𝑑𝑎

= N𝑩 K 𝑑𝑎 ≡ Φ= 𝑁2𝜋

Φ = N ℎ/2𝑒

𝑩

𝛷

UNIQUENESS:

MEISSNER	EFFECT:

FLUX	QUANTUM:

𝑞 = −2𝑒SUPERCONDUCTOR: Ψ 𝑟, 𝑡 = 𝜓𝑒34(6,8)

ℏ𝛻𝜙 = 𝑞𝑨

𝒋 = ;
< 𝜓 1 ℏ𝛻𝜙 − 𝑞𝑨 =0

MAGNETIC	FLUX	QUANTUM
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Fairbank

𝑞 = −2𝑒SUPERCONDUCTOR:

𝛷2 =
ℎ
2𝑒

= 2×10>:? 𝑇𝑚1Φ = N ℎ/2𝑒

FLUX	QUANTUM:

Ψ 𝑟, 𝑡 = 𝜓𝑒34(6,8)

MAGNETIC	FLUX	QUANTUM
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PERSISTENT	ELECTRICAL	CURRENTS

J𝛻𝜙 K 𝑑𝑙 = 𝑞/ℏJ𝑨 K 𝑑𝑙

= 𝑁2𝜋

𝑞 = −2𝑒

UNIQUENESS:

MEISSNER	EFFECT:

𝐼

𝐼

𝑩

𝛷

SUPERCONDUCTOR:

FLUX	QUANTUM:

Φ = N 𝛷2

PERSISTENT	

ℏ𝛻𝜙 = 𝑞𝑨

𝒋 = ;
< 𝜓 1 ℏ𝛻𝜙 − 𝑞𝑨 =0

Ψ 𝑟, 𝑡 = 𝜓𝑒34(6,8)
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J𝛻𝜙 K 𝑑𝑙 = 𝑞/ℏJ𝑨 K 𝑑𝑙

= 𝑁2𝜋

UNIQUENESS:

MEISSNER	EFFECT:

CMS	SUPERCONDUCTING	SOLENOID	- CERN

𝑞 = −2𝑒SUPERCONDUCTOR:

FLUX	QUANTUM:

Φ = N 𝛷2

ℏ𝛻𝜙 = 𝑞𝑨

𝒋 = ;
< 𝜓 1 ℏ𝛻𝜙 − 𝑞𝑨 =0

Ψ 𝑟, 𝑡 = 𝜓𝑒34(6,8)

PERSISTENT	ELECTRICAL	CURRENTS
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JOSEPHSON	EFFECT(S)



SUPERCONDUCTING	JOSEPHSON	EFFECT

𝐼 = 𝐼&𝑠𝑖𝑛𝜙
Josephson

𝜓' = 𝜓𝑒()/𝜓* = 𝜓𝑒()0

𝐼 = 2𝑒
𝑖ℏ
2𝑚

𝜓Y∗𝛻𝜓Y − 𝜓Y𝛻𝜓Y∗

𝜓+ = 𝜓𝑒(()0$-(./
0
')) + 𝜓𝑒(()//-(.$

0
'))

𝑥0

𝑑

⇒ 𝐼 = 𝐼&sin(𝜙' − 𝜙*)

JOSEPHSON	TUNNELING:

𝜓𝑒()0

𝜓𝑒()/

𝑉*

𝑉 = 𝑉9 − 𝑉]

𝜙 = 𝜙' − 𝜙*

𝐼

𝑉'

TUNNEL	
JUNCTION
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𝜓𝑒()0

𝜓𝑒()/

𝜔! =
𝐸!
ℏ

𝜔" =
𝐸"
ℏ

@4
@8
= 𝜔1 − 𝜔: =

A:
ℏ
− A^

ℏ
= 1C

ℏ
(𝑉1 − 𝑉:)

Josephson

JOSEPHSON	FREQUENCY:

⇒ ℏ𝜕𝜙𝜕𝑡 = 2𝑒𝑉

𝑉*

𝑉'

𝐼 = 𝐼&𝑠𝑖𝑛𝜙

ℏ
𝜕𝜙
𝜕𝑡

= 2𝑒𝑉

TUNNEL	
JUNCTION

SUPERCONDUCTING	JOSEPHSON	EFFECT

𝑉 = 𝑉9 − 𝑉]

𝜙 = 𝜙' − 𝜙*
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Josephson

JOSEPHSON	JUNCTION:

𝜙 = arcsin ⁄𝐼 𝐼'

JOSEPHSON	JUNCTION

𝐼

𝑉

𝐼&

−𝐼&

𝐼 < 𝐼'

𝐼 = 𝐼&𝑠𝑖𝑛𝜙

ℏ
𝜕𝜙
𝜕𝑡 = 2𝑒𝑉

𝜓𝑒()0

𝜓𝑒()/

𝑉*

𝐼

𝑉'

TUNNEL	
JUNCTION
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Josephson

JOSEPHSON	JUNCTION:

𝐼

𝑉

𝐼&

−𝐼&

𝐼 > 𝐼'

𝐼 = 𝐼&𝑠𝑖𝑛𝜙

ℏ
𝜕𝜙
𝜕𝑡 = 2𝑒𝑉

𝜙(𝑡) = ?(2𝑒𝑉/ℏ)dt

JOSEPHSON	JUNCTION

𝜓𝑒()0

𝜓𝑒()/

𝑉*

𝐼

𝑉'

TUNNEL	
JUNCTION
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𝐼2 = 𝐼3𝑆𝑖𝑛𝜙* + 𝐼3𝑆𝑖𝑛𝜙'

𝐼2 = 2𝐼3 𝑆𝑖𝑛
𝜙* + 𝜙'

2 𝐶𝑜𝑠(
𝜙* − 𝜙'

2 )

X X𝜙] 𝜙9

𝐼2

𝐼2

𝑩

𝛷

𝒋 = ;
<
|𝜓|𝟐 ℏ𝛻𝜙 − 𝑞𝑨 =0 ℏ𝛻𝜙 = 𝑞𝑨

𝜙* − 𝜙* =
2𝑒
ℏ Φ = 2𝜋

𝛷
𝛷4

Φ4=
ℎ
2𝑒

|𝐼567| = 2𝐼3 |𝐶𝑜𝑠 𝜋
𝛷
𝛷4

|

o𝛻𝜙 q 𝑑𝑙 = 𝑁2𝜋 = 𝜙* − 𝜙' − 2𝑒/ℏo𝑨 q 𝑑𝑙

SUPERCONDUCTING	QUANTUM	INTERFERENCE
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X X𝜙] 𝜙9

𝐼2

𝐼2

𝑩

𝛷

|𝐼567| = 2𝐼3 |𝐶𝑜𝑠 𝜋
𝛷
𝛷4

|

𝜋
𝛷
𝛷4

|𝐼567|/2𝐼3

SUPERCONDUCTING	QUANTUM	INTERFERENCE
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SISTM	&	SJTM	



SISTM																																												SJTM

Single-particle	1e	Tunneling Josephson	2e	Tunneling

NORMAL	METAL	TIP																									SUPERCONDUCTING	TIP		

VISUALIZE	QUASIPARTICLES															VISUALIZE	ELECTRON-PAIRS
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Beecroft	Building

~15 tons

~30 tons

©	JC	Seamus	Davis	2020

ULTRA	LOW	VIBRATION	LABS	&	CRYOSTATS
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Bi2212
UD45K MILLIKELVIN	ULV	SISTM/SJTM	MICROSCOPE

1mm

50 mm 500 nm

20 mK
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Bi2212
UD45K

20 mK

MILLIKELVIN	ULV	SISTM/SJTM	MICROSCOPE
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SPECTROSCOPIC	IMAGING	STM

𝑔( 𝑟, 𝑉 ) ≡ 𝑑𝐼/𝑑𝑉 𝑟, 𝑉 ∝ 𝑁(𝑟, 𝐸 = 𝑒𝑉)

I

V 𝑟
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SPECTROSCOPIC	IMAGING	STM

𝐼 𝑟, 𝑉 = 𝐶𝑒
45 6
57 ∫4

9:𝑁(𝑟, 𝜀)𝑑𝜀 𝑑𝐼/𝑑𝑉 𝑟, 𝑉 = 𝐶𝑒
45 6
57 𝑁 𝑟, 𝐸

e𝑉 e𝑉

𝐼 ∝ 𝑒
79 (()ℏ( )(_+7_,)` = 𝑒

-. /
.0

𝑧4 ≈ 1Å

𝑔( 𝑟, 𝑉 ) ≡ 𝑑𝐼/𝑑𝑉 𝑟, 𝑉 ∝ 𝑁(𝑟, 𝐸 = 𝑒𝑉)
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g(E,r)

0	
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
62
0	
Å

T(r) 𝑑𝐼/𝑑𝑉 𝑟, 𝑉 ∝ 𝑁(𝑟, 𝐸)

→dI/dV	spectrum	at	every		atom																																										Atomically	&	Energy-Resolved	𝑁(𝑟, 𝐸)

DENSITY	OF	STATES 𝑁(𝑟, 𝐸)
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g(E,r)

T(r)

0	
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
62
0	
Å

dI/dV	spectrum	at	every		atom																																										

QUASIPARTICLE INTERFERENCE 𝑁(𝑞, 𝐸)

Atomically	&	Energy-Resolved	𝑁(𝑞, 𝐸)→

𝑁 𝑞, 𝐸 ∝ 𝐼𝑚𝐺 𝑘, 𝐸 𝑇𝐺(𝑘 − 𝑞, 𝐸)
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QUASIPARTICLE	VISUALIZATION	𝑁(𝑟, 𝐸) : 𝑁(𝑞, 𝐸)

E

- 2p/a0 - p/a0 0 + p/a0 + 2p/a0
k

EF

QUASIPARTICLES

𝛾!"↓
$ = 𝑢" 𝑐!"↓

$ − 𝑣" ℎ!"↓
$

DkDk

a0

Ψ =i
!

𝑢! + 𝑣!𝑐!↑
# 𝑐$!↓

# |0 >𝜓 = n𝑐!↑
# o𝑐$!↓

#
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Nature	570,	484	(2019)					Science	364,	976	(2019)				Science	357,	75	(2017)						Nature	532,	343	(2016)						Science	344,	612	(2014)	

Science	336,	563	(2012)					Science	333,	426	(2011)				Nature	466,	374	(2010)					Nature	465,	570	(2010)				Science	327,	181	(2010)	

Nature	454,	1072	(2008)			Science	315,	1380(2007)				Nature	442,	546	(2006)			Science	309,	1048	(2005)			Science	297,	1148	(2002)	

QUASIPARTICLE	VISUALIZATION	𝑁(𝑟, 𝐸) : 𝑁(𝑞, 𝐸)
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E

- 2p/a0 - p/a0 0 + p/a0 + 2p/a0
k

EF

ELECTRON-PAIR
FLUID

8
#

𝑢# + 𝑣#𝑐#↑
% 𝑐&#↓

% |0 >
DkDk

a0

ELECTRON-PAIR	VISUALIZATION	𝑛𝑃(𝑟)

Ψ =i
!

𝑢! + 𝑣!𝑐!↑
# 𝑐$!↓

# |0 >𝜓 = n𝑐!↑
# o𝑐$!↓

#
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𝐼& ≈ 1.5 𝑝𝐴 @ 𝑅' = 1 𝐺Ω ⟹ 𝐸( =
ℏ𝐼&
2𝑒

≈ 5 𝑛𝑒𝑉 → 30 𝜇𝐾

ELECTRON-PAIR
CURRENT

VISUALIZE	
ELECTRON-PAIR	DENSITY

STM	TUNNEL	
JUNCTION

𝐼&𝑅' ∝ 𝑛) 𝑛* ⟹ 𝐼&+ (𝑟)𝑅'+ (𝑟) ∝ 𝑛)(𝑟)

𝐼&𝑅' ≈
,-
+.
≈ 1.5 𝑚𝑉 @ Δ = 1𝑚𝑒𝑉 (𝑇 → 0; 𝑛) = 𝑛*)AMBEGAOKAR-

BARATOFF

𝐽& =
.ℏ
0

+
1
𝑒$+2/1 𝑛) 𝑛*

𝑧𝑧

𝐽 = 𝐽&𝑆𝑖𝑛(𝜃* − 𝜃4)
𝑅&

𝐼1

SJTM	VISUALIZATION	nP(r)	– IMPOSSIBLE!

Ψ"#$%&' = 𝑛(𝑒)*2 Ψ+)% = 𝑛+𝑒)*3Ψ+)% = 𝑛+𝑒)*3Ψ"#$%&' = 𝑛(𝑒)*2
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Ivanchenko	&	Zilberman,	JETP	28,	1272	(1969)

𝑉4

𝜃 ℏ5
+.
𝜃̈ + ℏ

+.6,
𝜃̇+𝐼7𝑆𝑖𝑛𝜃= 𝐼8

𝜃

𝐼'

ELECTRON-PAIR
CURRENT

ELECTRON-PAIR
CURRENT	MAX.

𝑅&

𝑅&

𝐼1

𝐼(

𝑔)

𝐼(𝑉/) =
1
2
𝐼01𝑍

𝑉/
𝑉/1 + 𝑉21

𝐼$ =
ℏ

8𝑒𝑘3𝑇∗
𝐼01

𝑈 𝜃 = 𝐸4 1 − 𝐶𝑜𝑠𝜃−𝐼5𝜃/𝐼1𝑘𝑇 >> 𝐸4 𝑎𝑛𝑑 𝐶 → 0

𝑉*

𝐼 = 𝐼; ∫$<
< 𝑑𝜃 𝑆𝑖𝑛𝜃W(𝜃=,𝜃;)

ELECTRON-PAIR
V=0	CONDUCTANCE 𝑔0 ≡ G

𝑑𝐼
𝑑𝑉/ 670

=
ℏ𝐼$

𝑒𝑘3𝑇∗𝑍

SJTM	VISUALIZATION	nP(r)	– CHALLENGING!
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Ivanchenko	&	Zilberman,	JETP	28,	1272	(1969)

𝑉4

𝜃 ℏ5
+.
𝜃̈ + ℏ

+.6,
𝜃̇+𝐼7𝑆𝑖𝑛𝜃= 𝐼8

𝜃

𝐼!

ELECTRON-PAIR
CURRENT

ELECTRON-PAIR
CURRENT	MAX.

VISUALIZE	
ELECTRON-PAIR	

DENSITY

𝑛>(𝑟) ∝ 𝐼?(𝑟)𝑅@'(𝑟)

𝑛>(𝑟) ∝ 𝑔4(𝑟)𝑅@'(𝑟)

𝑅"

𝑅"

𝐼1

𝐼(𝑉/) =
1
2
𝐼01𝑍

𝑉/
𝑉/1 + 𝑉21

𝐼$ =
ℏ

8𝑒𝑘3𝑇∗
𝐼01

𝑈 𝜃 = 𝐸4 1 − 𝐶𝑜𝑠𝜃−𝐼5𝜃/𝐼1𝑘𝑇 >> 𝐸4 𝑎𝑛𝑑 𝐶 → 0

𝐼 = 𝐼; ∫$<
< 𝑑𝜃 𝑆𝑖𝑛𝜃W(𝜃=,𝜃;)

𝑔0 ≡ G
𝑑𝐼
𝑑𝑉/ 670

=
ℏ𝐼$

𝑒𝑘3𝑇∗𝑍

𝐼#

𝑔$

𝑉%

SJTM	VISUALIZATION	nP(r)	– CHALLENGING!

ELECTRON-PAIR
V=0	CONDUCTANCE
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Beecroft	Building

~15 tons

~30 tons

©	JC	Seamus	Davis	2022

ULTRA	LOW	VIBRATION	CRYOSTAT	ULTRA	LOW	VIBRATION	LAB

©	JC	Seamus	Davis	2022

𝐸+ =
ℏB7
'9
∝ C
D@

≈ 𝑘𝑇

ULTRA-LOW	VIBRATION	&	TEMPERATURE



TMD	PAIR	DENSITY	WAVE	STATE



T(r, -20 mV) 

qy

(0, 2p/a0)

qx

2 nm

CHARGE	DENSITY	WAVE	+	SUPERCONDUCTOR

Science	372,	1447	(2021)

DO	PDW	STATES	EXIST	IN	TMD?	
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𝑇A ≈ 7.2 K

𝑇ABC ≈ 33 K

ΔD ≈ 1.2 meV

SUPERCONDUCTOR																															CHARGE	DENSITY	WAVE

SJTM	EXAMPLE	:	SC+CDW	@	NbSe2
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Δ8 = Δ0𝑒)9

+𝛥

−𝛥

−𝜌

+𝜌

𝒓

𝒓

𝑸: = 𝑸;

Δ:
𝑸6 (𝒓) = Δ𝑒)𝑸6 =𝒓 + Δ∗𝑒?)𝑸6 =𝒓 𝑒)9

𝜌;
𝑸7 (𝒓) = 𝜌𝑒)𝑸7 =𝒓 + 𝜌∗𝑒?)𝑸7 =𝒓

𝜌;
𝑸7

SUPERCONDUCTOR																															CHARGE	DENSITY	WAVE

ℱ = ℱE+ℱ3+ℱ> − λρ3
FΔE∗Δ >

$F

SJTM	EXAMPLE	:	SC+CDW	@	NbSe2
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T(r, -20 mV) 

qy

(0, 2p/a0)

qx

2 nm

D+DT

g(0)Im

-Im

CHARGE	DENSITY	WAVE	+	SUPERCONDUCTOR CONDUCTANCE	IMAGE	DYNAMIC	RANGE	>105

Nb	TIP

Nb	TIP Nb	TIP

T = 280mK Science	372,	1447	(2021)

SJTM	of	NbSe2
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T(r, -20 mV) 

qy

(0, 2p/a0)

qx

2 nm

D+DT

g(0)Im

-Im

CHARGE	DENSITY	WAVE	+	SUPERCONDUCTOR CONDUCTANCE	IMAGE	DYNAMIC	RANGE	>105

Nb	TIP

Nb	TIP Nb	TIP

T = 280mK Science	372,	1447	(2021)

SJTM	of	NbSe2
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43 nS

24 nS

225 nS

133 nS

RN(r)

0.73 MW

0.49 MW

𝑛𝑃(𝑟) ∝ 𝑔4(𝑟)𝑅@'(𝑟)
35

 n
m

35
 n
m

VISUALIZE	ELECTRON-PAIR	DENSITY	nP(r)

g(r)

g0(r)g0

T = 280mK Science	372,	1447	(2021)
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43 nS

24 nS

225 nS

133 nS

𝑛𝑃(r)

0.11 MW

0.04 MW

RN(r)

0.73 MW

0.49 MW

35
 n
m

35
 n
m

g0(r)

g(r)

T = 280mK

VISUALIZE	ELECTRON-PAIR	DENSITY	nP(r)
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43 nS

24 nS

0.11 MW

0.04 MW

CHARGE	DENSITY	WAVE	+	CRYSTAL	LATTICE PAIR	DENSITY	WAVE	+	CRYSTAL	LATTICE

CHARGE	DENSITY	&	PAIR	DENSITY	MODULATIONS

Q1
P

(0,	2p/a0)

Q1
C

(0,	2p/a0)

𝑛𝑃(r)g(r)

T = 280mK Science	372,	1447	(2021)
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43 nS

24 nS

Q1
P

0.11 MW

0.04 MW

CHARGE	DENSITY	WAVE	+	CRYSTAL	LATTICE PAIR	DENSITY	WAVE	+	CRYSTAL	LATTICE

(0,	2p/a0)

Q1
C

(0,	2p/a0)

CHARGE	DENSITY	&	PAIR	DENSITY	MODULATIONS

𝑛𝑃(r)g(r)

T = 280mK Science	372,	1447	(2021)
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CHARGE	DENSITY	WAVE	+	CRYSTAL	LATTICE PAIR	DENSITY	WAVE	+	CRYSTAL	LATTICE

SIMULTANEOUS	VISUALIZATION	CDW	AND	PDW	STATES

(0, 2p/a0)

Q1
P

8.7 KW

-6.3 KW

(0, 2p/a0)

Q1
C

29 nS

-29 nS

𝑛𝑃(r)rC(r)

T = 280mK
Δ:
𝑸6 (𝒓) = Δ𝑒)𝑸6 =𝒓 + Δ∗𝑒?)𝑸6 =𝒓 𝑒)9𝜌;

𝑸7 (𝒓) = 𝜌𝑒)𝑸7 =𝒓 + 𝜌∗𝑒?)𝑸7 =𝒓

Science	372,	1447	(2021)
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𝑛𝑃(𝒓)

0.7 kW

-0.9 kW

9.6 kW

0.9 kW
5 nm5 nm

T = 280mK

PDW	STATE	COUPLES	SUPERCONDUCTOR

PAIR	DENSITY	WAVE	+	CRYSTAL		

𝛿ℱ = λρ8
9Δ:∗Δ ;

<9

Science	372,	1447	(2021)

𝑛EA 𝒓 + 𝑛𝑃(𝒓)

𝑛𝑃(𝑟) ∝ 𝑔0(𝑟)𝑅A1(𝑟)
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rC(r) Φ'((𝒓)

Φ)( 𝒓 − 2𝜋/3

35
 

nm
35

 
nm

𝑛=>(𝒓) = 𝐴=> 𝒓 cos 𝑸=> ⋅ 𝒓 + Φ=
>(𝒓)

(0, 2p/a0)

Q1
P

Q1
C

𝜌?>(𝒓) = 𝐴?> 𝒓 cos 𝑸?> ⋅ 𝒓 + Φ?
>(𝒓)

𝛿Φ> 𝒓 ≡ Φ=
> 𝒓 − Φ?

> 𝒓

CDW:PDW	PHASE	SHIFT	=	2p/3

Science	372,	1447	(2021)

𝑛𝑃(r)
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Φ'((𝒓)

Φ)( 𝒓 − 2𝜋/3 𝑛=>(𝒓) = 𝐴=> 𝒓 cos 𝑸=> ⋅ 𝒓 + Φ=
>(𝒓)

𝜌?>(𝒓) = 𝐴?> 𝒓 cos 𝑸?> ⋅ 𝒓 + Φ?
>(𝒓)

𝛿Φ@ 𝒓 ≡ Φ=
@ 𝒓 − Φ?

@ 𝒓

rP(r)

rC(r)

35
 

nm
35

 
nm

Q1
P

Q1
C

CDW:PDW	PHASE	SHIFT	=	2p/3	UNIVERSALLY

𝛿Φ> 𝒓 ≡ Φ=
> 𝒓 − Φ?

> 𝒓

𝑛𝑃(r)
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CHARGE	DENSITY	WAVE	+	CRYSTAL	LATTICE

CDW:PDW	INTERSTATE	DISCOMMENSURATION	a0

T = 280mK

3a03a0

𝜌'((𝒓)

𝑛)((𝒓)

𝑇(𝒓)

𝑇(𝒓)

PAIR	DENSITY	WAVE	

Science	372,	1447	(2021)
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35
 

nm 35
 

nm

SJTM	@	TMD:	ABUNDANT	NEW	PHYSICS

qy

(0, 2p/a0)

qx

Science	372,	1447	(2021)

nP(r)
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