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ELECTRON-PAIR CONDENSATE
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FERMI-PAIR CONDENSATE
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MACROSCOPIC QUANTUM STATE W(#,t)
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MACROSCOPIC QUANTUM ELECTRODYNAMICS

CONDENSATE PARTICLES (g,m,n)
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MACROSCOPIC QUANTUM ELECTRODYNAMICS

CONDENSATE PARTICLES (g,m,n) Y(@# t) = peidmd)
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MACROSCOPIC QUANTUM ELECTRODYNAMICS

CONDENSATE PARTICLES (g,m,n) (7 t) = PeldrD)

J =nqp/m m(v) =(p — q4) = <(?) V— qA>

q

j= Zm{ql 7 - g + CC}

=19 gy ey L g gy
] = I 2m m

_ 9 _
= mlt/)lz(thb qA)
lY|? =

n
B LONDON2




PERFECT DIAMAGNET

SUPERCONDUCTOR: q = —2e

W. Meifdner and R. Ochsenfeld,
Naturwissenschaften 21, 787 (1933).
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MAGNETIC FLUX QUANTUM
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MAGNETIC FLUX QUANTUM
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MAGNETIC FLUX QUANTUM

SUPERCONDUCTOR: q = —2e

FLUX QUANTUM:
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PERSISTENT ELECTRICAL CURRENTS
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PERSISTENT ELECTRICAL CURRENTS
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JOSEPHSON EFFECT(S)




SUPERCONDUCTING JOSEPHSON EFFECT
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SUPERCONDUCTING JOSEPHSON EFFECT
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JOSEPHSON JUNCTION
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JOSEPHSON JUNCTION

TUNNEL
JUNCTION

© JC Seamus Davis 2022



SUPERCONDUCTING QUANTUM INTERFERENCE
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SUPERCONDUCTING QUANTUM INTERFERENCE
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SISTM & SJTM




SISTM SJTM

NORMAL METAL TIP SUPERCONDUCTING TIP

Single-particle 1e Tunneling Josephson 2e Tunneling

VISUALIZE QUASIPARTICLES VISUALIZE ELECTRON-PAIRS
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ULTRA LOW VIBRATION LABS & CRYOSTATS

~30 tons

© JC Seamus Davis 2022 © JC Seamus Davis 2020



SCALE T : 15,

SECTION A-A ,”

[11
A
O
O
wn
-
ad
—
=
=
=
72
~~
=
T
£
W
—
«
-
=
>
«
1]
=
=
-
=

© JC Seamus Davis 2022



MILLIKELVIN ULV SISTM/SJTM MICROSCOPE
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SPECTROSCOPIC IMAGING STM

g((r,V)=dl/dV(r,V) x N(r,E = eV)



SPECTROSCOPIC IMAGING STM

el/ el

-z(1) —2z(T)

[(r,V) =Ce 2o f N(r, &)de dl/dV(r,V) = Ce 7 N(r,E)

2| GDEeER)z

zo ~ 1A

g((r,V)=dl/dV(r,V) x N(r,E = eV)

© JC Seamus Davis 2022



DENSITY OF STATES N(7, E)

dI/dV spectrum at every atom —>  Atomically & Energy-Resolved N(r, E)
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QUASIPARTICLE INTERFERENCE N(q, E)

dI/dV spectrum at every atom  —) Energy-Resolved N(q, E)

620 A

g(Er)

N(q,E) « ImG(k,E)TG(k — q,E)

© JC Seamus Davis 2022




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

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)
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ELECTRON-PAIR VISUALIZATION np(r)
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SJTM VISUALIZATION np(r) - IMPOSSIBLE!
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SJTM VISUALIZATION np(r)
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SJTM VISUALIZATION np(r) - CHALLENGING!
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ULTRA-LOW VIBRATION & TEMPERATURE

ULTRA LOW VIBRATION LAB ULTRA LOW VIBRATION CRYOSTAT
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TMD PAIR DENSITY WAVE STATE




DO PDW STATES EXIST IN TMD?

CHARGE DENSITY WAVE + SUPERCONDUCTOR
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Science 372, 1447 (2021)
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SJTM EXAMPLE : SC+CDW @ NbSe,

SUPERCONDUCTOR CHARGE DENSITY WAVE

Te ~ 7.2 K
TCDW ~ 33K

Ao ~ 1.2 meV
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SJTM EXAMPLE : SC+CDW @ NbSe,

SUPERCONDUCTOR CHARGE DENSITY WAVE
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SJTM of NbSe,

CHARGE DENSITY WAVE + SUPERCONDUCTOR CONDUCTANCE IMAGE DYNAMIC RANGE >10°
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SJTM of NbSe,
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VISUALIZE ELECTRON-PAIR DENSITY np(r)

np(r) < go (T)RNZ (r)

T=280mK .. Science 372, 1447 (2021)
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VISUALIZE ELECTRON-PAIR DENSITY np(r)

T =280mK

133 nS
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CHARGE DENSITY & PAIR DENSITY MODULATIONS
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CHARGE DENSITY & PAIR DENSITY MODULATIONS

CHARGE DENSITY WAVE + CRYSTAL LATTICE PAIR DENSITY WAVE + CRYSTAL LATTICE
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SIMULTANEOUS VISUALIZATION CDW AND PDW STATES

CHARGE DENSITY WAVE PAIR DENSITY WAVE
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PDW STATE COUPLES SUPERCONDUCTOR

np(r) < go(r)Ry*(r) PAIR DENSITY WAVE
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Science 372, 1447 (2021)
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CDW:PDW PHASE SHIFT = 2n/3

oy Pe(r) = At(r)cos|[Qt - 1 + DL (1))
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Science 372, 1447 (2021)
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CDW:PDW PHASE SHIFT = 2n/3 UNIVERSALLY
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oy Pe(r) = At(r)cos|[Qt - 1 + DL (1))

SPL(r) = O3 (r) — OL(r)

Op(r) —21/3  nl(r) = AL(r)cos[QL - T + L (1)]
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CDW:PDW INTERSTATE DISCOMMENSURATION a,

Science 372, 1447 (2021)



SJTM @ TMD: ABUNDANT NEW PHYSICS

Science 372, 1447 (2021)





