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Abstract: The elementary CuO2 plane sustaining cuprate high temperature superconductivity occurs typically at the base of a periodic &
edge-sharing CuO5 pyramids. Virtual transitions of electrons between adjacent planar Cu and O atoms, occurring at a rate t/? and ac
charge-transfer energy gap E, generate 'superexchange' spin-spin interactions of energy J?4t4/E3 in an antiferromagnetic correlated-insule
However, hole doping this CuO2 plane converts this into a very high temperature superconducting state whose electron-pairing is excepti
leading proposal for the mechanism of this intense electron-pairing is that, while hole doping destroys magnetic order it preserves pair-f
superexchange interactions governed by the charge-transfer energy scale E.

To explore this hypothesis directly at atomic-scale, we developed high-voltage single-electron and electron-pair (Josephson) scanning tu
microscopy, to visualize the interplay of E and the electron-pair density nP in Bi2Sr2CaCu208+x. Changing the distance ? between each py
apical O atom and the CuO2 plane below, should alter the energy levels of the planar Cu and O orbitals and thus vary E. Hence, the resp
both E and nP to alterations in ? that occur naturally in Bi2Sr2CaCu208+x were visualized. These data revealed, directly at atomic scale, the
strongly correlated superconductivity in CuO2: the response of the electron-pair condensate to varying the charge transfer energy.
concurrence between these observations and recent three-band Hubbard model DMFT predictions for superconductivity in hole
Bi2Sr2CaCu208+x (PNAS 118, e2106476118 (2021)) indicate that charge-transfer superexchange is the electron-pairing mechanism (PN
2207449119 (2022)).

Zoom link: https://pitp.zoom.us/j/95592484157?pwd=YU56Wno3WnBIUTlyaC9VSHJ3cGxZUT09
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MACROSCOPIC QUANTUM MECHANICS

BOSE-EINSTEIN FERMI-DIRAC
CONDENSATION PAIR CONDENSATION

E |

FERMION

Y = [P]e”
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MACROSCOPIC QUANTUM MECHANICS

BOSE-EINSTEIN FERMI-DIRAC
CONDENSATION PAIR CONDENSATION

FERMION
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SUPERCONDUCTIVITY

Periodic table of elements showing superconducting transition temperatures

Superconductor

Superconductor under pressure or in thun film form

Superflnd

26

-Fe

44

f Ru

-

|1 Os

61

Pm

93

5 NG

ZERO RESISTANCE / INFINITE CONDUCTIVITY
PERFECTLY DISSIPATIONLESS ELECTRICAL/ELECTRONIC MATERIALS
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SUPERCONDUCTIVITY: SCIENTIFIC APPLICATIONS
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SUPERCONDUCTIVITY: ELECTRON PAIRING MECHANISM

ELECTRON PAIR g

Tyl =Ty

Wi —72) = 9(ry — ) (2

) =@y — 12X 12 = ngeik'(rl_m}’f vz = ngc;crrciki
K K
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SUPERCONDUCTIVITY: ELECTRON PAIRING MECHANISM

ELECTRON PAIR ﬁj

T =147 .
Y(ry—ry) =¢(r, —1;) ("iﬁl_z) =¢d(r; —7)x12 = ngem'(rl_m)f 1z = ng‘:;rcim
k K

ELECTRON-PAIR CONDENSATE

N
Y(7,t) = <c$c;rl)

ENORMOUS NUMBER ELECTRON-PAIRS
FORM MACROSCOPIC QUANTUM FIELD
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SUPERCONDUCTIVITY: ELECTRON PAIRING MECHANISM

ELECTRON PAIR f;‘

B b=l ot
Wi —72) = 9y — ) (22

) =¢(ri —71dx12 = ngem'm“m)f 12 = ngcgrczki
X K

7 |
ELECTRON-PAIR CONDENSATE

Y7, t) = <c$c;rl>

ENORMOUS NUMBER ELECTRON-PAIRS
FORM MACROSCOPIC QUANTUM FIELD

MACROSCOPIC QUANTUM STATE

W(7 t) = Aei®(t)  ELECTRONPAIR 2 _ MACROSCOPIC gy 1)
(7, t) DENSITY n, A= QUANTUM PHASE
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SUPERCONDUCTIVITY: Bardeen Cooper Schrieffer THEORY

COOPER PAIR t:?

T =147 .
Y(ry—ry) =¢(r, —1;) ("iﬁl_z) =¢d(r; —7)x12 = ngem'(rl_m)f 1z = ng‘:;rciki
k K

k1 ~K !
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k
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SUPERCONDUCTIVITY: Bardeen Cooper Schrieffer THEORY

COOPER PAIR g

T =447 .
Y(ry —ry) = ¢(ry — 1) ("1—2\51_2) =¢(r; —T2)x12 = ngem'(rl_m)f 12 = ngc;TCIM
k K

k' T Kl

Vickr _ Y7 t) = n(uk + vkczfcikl)w >
k

k1
BCS THEORY

1 1
A=~ R;Z Viek! {€_g1 1 Crrs) Ay =— HZ Viek! ﬂk;/Z"EfEf T ﬂi,
k k

GENERAL THEORY

(circjy) # 0

ELECTRON-PAIR CONDESATE
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CuO, SUPERCONDUCTIVITY:

@ conventional superconductors HS(HP) Theory
W cuprate superconductors r Experiment
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CuO, SUPERCONDUCTIVITY: ELECTRON-PAIR BINDING?

I | T I I | ]
@ conventional superconductors HS(HP) Theory
* cuprate superconductors ? Experiment
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A iron-based superconductors
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HOLE-DOPED CuO, CHARGE-TRANSFER INSULATOR

U = 3eV, t=400meV, J= 150meV

= half-filling = correlated AF insulator

© 7 EHNEOE
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HOLE-DOPED CuO, CHARGE-TRANSFER INSULATOR
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HOLE-DOPED CuO, CHARGE-TRANSFER INSULATOR
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CuO, CHARGE-TRANSFER SUPEREXCHANGE

i ofe
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CuO, CHARGE-TRANSFER SUPEREXCHANGE
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CuO, CHARGE-TRANSFER SUPEREXCHANGE
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INSULATING CuO,
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CHARGE-TRANSFER SUPEREXCHANGE — S=1/2 AF INSULATOR
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CHARGE-TRANSFER SUPEREXCHANGE — S=1/2 AF INSULATOR

(3/4,1/4) (1/2,1/2) (1/2,0) (3/4,1/4) (1,0) (1/2,0)
Coldea et al PRL 86, 5377 (2001)
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HOLE-DOPED Cu0,
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HOLE-DOPED CuO,
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CHARGE-TRANSFER SUPEREXCHANGE — ELECTRON PAIRING ?

PW Anderson

Pirsa: 22100095 Page 28/65



CHARGE-TRANSFER SUPEREXCHANGE — ELECTRON PAIRING ?
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Cu0, EMERY MODEL :
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CuO, EMERY MODEL :

7!1 ﬂ‘ Cud,z_,2 and O p, orbitals

L3

i ; ; 24 a d ..d .
i,j lattice sites H = EU aB,o Uﬁ ::, Cﬁr + Zm,a €a n?g + U Xy nir 1y a, orbitals
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Impurity Solver
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CuO, EMERY MODEL : CDMFT

7!1 ?!4 Cud,2_,2 and O p, orbitals

i -y aﬁ cla B d
ij sublattice sites H = EU aB,c U Cig Cig o Em a €a nm + UZM nn n;,

DMF
INITIALIZE/UPDATE

(Cichl) €= CONVERGENCE G, (%)

SUPERCONIXICTIVITY

EVALUATE G,
FOR CuQ; MEDIUM CT-QMC

=w—t(k) - Z(w) - Tk w) Ge(T) 2;2%‘0
2

CLUSTER

CLUSTER
SELF-ENERGY I(w) = w —t.— I'—G;*
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Cu0, EMERY MODEL : CDMFT

7!4 ?F Cud,2_,2 and O p, orbitals

ij sublattice sites H = EU aB,c SB :-ga };; o Em a €a nw + UZM LT ndi

N(E)

0.3 1

0.2

0.1

0.01

Kowalski et al PNAS 118,1 (2021)
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CHARGE-TRANSFER SUPEREXCHANGE = PREDICTIONS

#£

H= Zij,aﬁ,ﬂ“ ta:ﬁ C:I.O:C{G +

ij “io “jo

a d ..d
Yioca€a Nig T U Xignir gy

€ & (circjy)

0.00

Kowalski et al PNAS118,1 (2021)

c)

I\k / BSCCO
N

0.75 15 2.25
E(eV)

Weber et al Europhys. Lett. 100, 37001 (2012)
o
\\\.
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CHARGE-TRANSFER SUPEREXCHANGE = PREDICTIONS

Kowalski et al PNAS118,1 (2021)

d(CiTle

~ —0.46 + 0.05 eV-1
dc —

0.75 1.5 2.25
E(eV)
Weber et al Europhys. Lett. 100, 37001 (2012)
Y | N | (citjs
: 1 d€é

~ —0.30+ 0.05eV~?
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CHARGE-TRANSFER SUPEREXCHANGE = PREDICTIONS

Kowalski et al PNAS118,1 (2021)

0.00 . : ;
0.75 1.5 2.25

E(eV)

Weber et al Europhys. Lett. 100, 37001 (2012)
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. @
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CuO, EMERY MODEL : CDMFT

?F f!é Cud,z_,2 and O p, orbitals

i,j sublattice sites H = EU aB,c SB 11';! f; &k Ew a €a nw + UZw LT '”-di

DMF
INITIALIZE/UPDATE

GL(7)

CONVERGENCE

EVALUATE G,
FOR CuQ; MEDIUM CT-QMC

= w—tk) - Z(w) - Tk a Ge(r) SOLVE
(k) — Z(w) = T(k, w) 2X2 Cu0,
CLUSTER

CLUSTER
SELF-ENERGY Z(w) =w—t,— I'—G;*
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EXPERIMENTAL VALIDATION ?
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DISPLACEMENT OF APICAL OXYGEN ATOM:

£

La, Cu(),

2.6

S(A) | | | S(A)

—1.0eV/A s d€/ds < —2.0eV/A

Europhys. Lett. 100, 37001 (2012)  Phys. Rev. B89, 094517 (2014)  Phys. Rev. X 8, 021038 (2018)
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CONCEPT = &:&:np RELATIONSHIP

X (nm) ,

Europhys. Lett. 100, 37001 (2012)  Phys. Rev. B89, 094517 (2014)  Phys. Rev. X 8, 021038 (2018)
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Bi,Sr,CaCu,05 SUPERMODULATION : MODULATE &

MR
on

I
- hy W B n

distance (A)

SIS

distéﬁce (A}

T
P (rad)
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VISUALIZE & (r)

- Rl e

T
TV WS
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VISUALIZE £(r)

g(V) =dl/dV(r,V) « N(r,E)

dligV (pS)

g

0
10 05 0.0 05 1.0
Sample bias (V)

Bi2212 CHARGE -TRANSFER €

OPTICAL : Itohetal €=12eV
J. Phys. Chem. Solids 60,41 (1999)

SISTM: Ruan et al E=11eV
Sci. Bull. 61, 1826 (2016)

ARPES: Yang et al. E=11eV

Phys Rev B 96, 245112 (2017)
PNAS 119220744911 (2022)
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Ipsampie =

VISUALIZE n,(r)

A7) = 16 i 6
=4n el . Ipsample - RPE.'I wtip - Vntel :

Superconductor

J = JoSin(6; — 65)

Superconductor

—»

d

n(2 .
I e N

ELECTRON-PAIR
CURRENT

AMBEGAOKAR-
BARATOFF

STM TUNNEL
JUNCTION
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VISUALIZE n(r)

h
Ry

0+1,Sinf= I

I1=1,[" doSin8 W(b,.8,)

Ivanchenko & Zilberman, JETP 28, 1272 (1969) kT >>E; and C - 0 U(8) = E;(1 — Cos0—130/1,)

ELECTRON-PAIR ;(V})=1132 Y

CURRENT VP + V¢

Current (pA)

-400 -200 0 200 400

ELECTRON-PAIR Sample Bias (uV)
CURRENT MAX. (\90
I

o o
- o

=]

di/dV (uS)

ZERO BIAS _dl hl,,
CONDUCTANCE Jo = = ehkeT Z

=400 -200 0 200 400
Sample Bias (pV)
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VISUALIZE n,(r)

h

ZERN

hC s
—0 +

0+1,Sinf= I

I1=1,[" doSin8 W(b,.8,)

Ivanchenko & Zilberman, JETP 28, 1272 (1969)

kT>>Ej and C = 0

U(8) = E;(1 — CosB—I58/1,)

ELECTRON-PAIR
CURRENT

ELECTRON-PAIR
CURRENT MAX.

ZERO BIAS
CONDUCTANCE

I(V —1122 Y
(f)_z" VZ+ V2

Al

9= ez

Current (pA)

di/dV (uS)

VISUALIZE
ELECTRON-PAIR
DENSITY

np(r) & L (MR &)

np(r) « go(r)Ry*(r)

=400 -200 0 200 400
Sample Bias (pV)
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SJTM: VISUALIZE ELECTRON-PAIR DENSITY np(r)

BSCCOTip 1 BSCCOTip 2

d-WAVE HTS TIP

Normalized Conducance
Normalized Conductance

-200 0
Bias (mV)

Nature 532, 343 (2016)
CYATINISIO)
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L,(r) IMAGING FOR Bi,Sr,CaCu,0,,g

np(r) & I (r)Ry2(r)

| Iy
! fwd sweepA
-~
S— """"'"-nla—ﬂ-l-l
L bkwd s urp

200 6 200
Vis(uV)
Nature 532, 343 (2016)
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PAIR DENSITY np(r)
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e
—
(S|
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=
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v

0

VISUALIZE
ELECTRON-PAIR
DENSITY

Ln(r)Ry
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-400 -200 O 200 400
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-400-200 0 200 400

Sample Bias (pV)

Hamidian et al
Nature 532, 343 (2016)

Science 372, 1447 (2021)

Nature 571, 541 (2019)
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SIMULTANEOUSLY VISUALIZE &(r) : 6(r) : E(r) : np(7)

.
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;‘

L
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VISUALIZE ®(r) : 6(r)

d(r)=Qs.r+6(r) () =244—0.14cos(®)A
2®(r)
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VISUALIZE ®(r) : 6(r)

d(r)=Qs.T+60(r) 6(r)=244—0.14cos(d) A

_¢ 1 —2_@
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VISUALIZE &(r) and E(r) and np (1)

e . .

]

~0.75} |

log(g(V}))
B A o
T S =)
o un o

difdV (pS)

R e v WA
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VISUALIZE @(r) and E(r) and np (1)

[ 8]

diidV (ps)

-300-200-100 O 100 200 300

Pirsa: 22100095 Page 56/65



VISUALIZE () : £(r)
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VISUALIZE ®(r) :
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EVALUATE (@) and £(®) and 7ip (®)
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EVALUATE £(8) and 7ip(8)
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EVALUATE £(68) and 7ip(5)

245 25
6 (A)
Ohta et al Physica C 185-189, 1721-1722 (1991)
Feiner et al Phys. Rev. B 45, 10647 (1992)
Pavarini et al Phys Rev. Lett. 87, 047003 (2001)
Foyevtsova et al Phys. Rev. B 79, 144424 (2009)
Weber et al Europhys. Lett. 100, 37001 (2012)
Yee et al Phys. Rev. B 89, 094517 (2014)

Acharya et al Phys. Rev. X 8,021038 (2018)

d€/ds ~ —1.0eV /A
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QUANTIFY ditp/dE
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CHARGE-TRANSFER SUPEREXCHANGE = ELECTRON PAIRING

Weber et al Europhys. Lett. 100, 37001 (2012) Kowalski et al PNAS 118, 1 (2021)
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