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Can we have
superconductivity at
room temperature?
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Critical temperature T, [K]
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Cuprates : Atomic structure




 \WWho ordered this?
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* Who is looking into this?
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A highly quantum
mechanical problem
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I — -
Hubbard model

1931-1980

H = _Z<ij>0' ti,j <C2L0-Cj0' + CJTO-Ci0'> + UZ| niTnil

rYYXR

YV

Spin 1/2

Attn: Charge transfer insulator 18



Take home messages

A detailed picture of the origin of superconductivity in
cuprates follows from a model that takes into
account Cu, O, kinetic energy and interactions

* We need to look beyond traditional tools of solid
state physics to work this out.
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Outline

 Method

 Three-band Hubbard model

* d-wave superconductivity in cuprates
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Method

Metzner, Vollhardt PRL 62, 324 (1989)

Georges, Kotliar, PRB 45, 6479 (1992)

Jarrell PRL 69, 168 (1992)

Review: Georges, Kotliar, Krauth, Rozenberg, RMP 68, 13 (1996)

Dynamical Mean-Field Theory : DMFT
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Localized and delocalized pictures C-DMFT ‘
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Three-band l

(E m e ry V S A) Sidhartha Dash Nicolas Kowa
Hubbard model

V. J. Emery, Phys. Rev. Lett. 58, 2794 (1987)

C. M. Varma, S. Schmitt-Rink, and E. Abrahams, Solid State
Communications 62, 681-685 (1987), ISSN 0038-1098,

PNAS 118 (40) 2106476118 (2021) o é’hal
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opper and oxygen planes

@® Cu atom
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® O atom
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© Nicolas Kowalski
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Bands : Copper-Oxygen hybridizatioh

I~

L. Fratino, P. Sémon, G. Sordi and A.-M.S. T.
Sci. Rep., 6, 22715 (2016)
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Interactions : Charge-trahsfer insulator

Mott-Hubbard Charge Transfer

Meinders et al. PRB 48, 3916 (1993)
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"lonic" limiting cases with manageable sign prbblem

(b) ionic case, U =
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d-wave
Superconductivity

d = (a) = 1/N Z(coskx — cosky)(Cg,TC_R’y
K
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Lichen Wang, et al
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Three experimental observations
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here are different kinds of cuprates : All with ‘Cu'C)-2 planes

Hg BHZCI.IO“;, YBachSOE.h:, La 2.x SI‘IC u04 leBﬂzCUqu.ﬁ
(Hg1201) (YBCO) (LSCO) (TI2201)
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#1 Optimizing T, with oxygen hole cbntent
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Electronic structure

Compound |eq — €, (eV)|tpa (V) |ty (V) |ty (eV)| '/t |layers|dZP s (A)|T. (K) d

(1) La,CuO4|  2.61 139 | 0640 | 0103 [0070] 1 | 23932 | 38

(2) PbySr2YCusOs| 232 1.30 | 0673 | 0.160 [0.108] 2 | 23104 | 70

(3) CapCu0,Cly|  2.21 127 | 0623 | 0132 |0.085| 1 | 27539 | 26

(4) La;CaCuzOg| 220 131 | 0644 | 0152 [0.120] 2 | 22402 | 45

(5) SraNdaNbCuyOo| 210 125 | 0612 | 0.144 |0.110] 2 | 20450 | 28

(6) BiySr.CuOg|  2.06 1.36 | 0677 | 0.153 [0.105| 1 | 25885 | 24 a
(7) YBazCuszO;|  2.05 128 | 0673 | 0150 |0.110] 2 | 2.0036 | 93

(8) HgBazCaCuyOg|  1.93 128 | 0663 | 0187 [0.133| 2 | 28053 | 127

(9) HgBayCuO,|  1.93 125 | 0649 | 0161 [0.122| 1 | 27801 | 90

(10) SraCu0,Cly | 1.87 1.15 | 0590 | 0.140 [0.108] 1 | 28585 | 30

(11a) HgBayCayCusOs (outer)|  1.87 120 | 0674 | 0184 [0.141| 3 | 27477 | 135

(11b) HgBayCayCusOs (inner)|  1.94 120 | 0656 | 0.167 [0.124| 3 | 27477 | 135

(12) TloBa;CuOs|  1.79 1.27 | 0630 | 0150 [0.121] 1 | 27143 | 90

(13) LaBayCusO,|  1.77 113 | 0620 | 0188 [0.144| 2 | 22278 | 79

(14) Bi»Sr2CaCuzOs|  1.64 134 | 0647 | 0133 [0.106] 2 | 20033 | 95

(15) Tl,BaCaCuyOs|  1.27 120 | 0.638 | 0.140 |0.131| 2 | 2.0601 | 110

(16a) BizSr2CazCuzO1o (outer)| — 1.24 1.32 | 0617 | 0.159 |0.138] 3 | 17721 | 108 © Nicolas Kowalski
(16a) BiySrzCazCusOip (inner)|  2.24 132 | 0678 | 0198 [0.121| 3 | 17721 | 108

Weber, Yee, Haule, Kotliar, EPL 100, 2012
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Density of states

(c) covalent case, U = 14
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— Total
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d-wave SC order parameter

T = 0 superconducting domes for the covalent model
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PNAS 118 (40) e2106476118 (2021)
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Charge-transfer gap, oxygen hole content
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Copper pairing
mechanism :
superexchange
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Hubbard model

1931-1980
— (el e. T e. N
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Effective model, Heisenberg: J = 4t? /U
Attn: Charge transfer insulator 59



A cartoon strong correlation picture

J >S. ,—JZ(—CGC) (%c c)

<|,J <|J>
d = (d) = 1/N Z(coskx - cosky){Cy.C ;)
K

Hue = 3 e(k)ct ¢z - 4Imm - Jd(d +d") + Fy
Ko

Pitaevskii Briickner:
Pair state orthogonal to repulsive core of Coulomb interaction

P.W. Anderson Science Miyake, Schmitt—Rink, and Varma
317, 1705 (2007) P.R. B 34, 6554-6556 (1986)

More sophisticated Slave Boson: Kotliar Liu PRB 1988 60



(d)

120

100

80

(K)

E_GO—

40

20+

Lichen Wang, et al arXiv 2011.05029

, J : , " Hgi2i2 —l
i Bi2223 |
-v\\ NBCO Hg1201
= L]
W Bi2212 |
‘;2201 YBCO
Y124
LSCO “\---,
I Bi2201 , \ |
5,3 CCOC
0 30 60 90 120 150 180
J (meV)

#3 Optimizing T, with superexchange

= 0.25 : | |

f . 0.12 P

E 5 0.08 /

= 0.20 oI .
¥a]

™ ; 0.04

t; O\-.._C\ g |

=~ 0.15 _— .00 .

~ 0.00 0.05 0.10 0.15 0.20

E S N\h !

£ 0.10 ~—_ O

=]

[aB \

g \"-\__

£ 0.05 ~-—

5 T

E 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

CTG normalized with interacting BW

J =4t /U

61



Bonus
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T. and total hole concentration are not well correlated

100 P I T T I =
@ (Bi,Pb).(Sr,La),Cu0,, s(Bi2201)

80 O Bi,Sr,.CaCu,0,, s (Bi2212) B

; 60 _g A La, Sr.Cu0,(LSCO) _
~— =

N 40 (2 -
bt
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0 o I | | -
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Hole concentration p (holes/Cu)
T. Kondo et al.

Journal of Electron Spectroscopy and Related Phenomena 137-140, 663 (2004)
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Bonus: total hole doping does not explain max order

parameter for the two models
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PNAS 118 (40) 2106476118 (2021)
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Bonus : Importance of covalency

Affinity Energy ( r1v° £ ) of first row
Trans. Metals in relation to Ionization Energy of
Oxygen( g - g0t ) )

Also, Zaanen, Sawatzky, Allen (prl 1985).

C. M. Varma and T. Giamarchi, Model for copper oxide metals
and superconductors (Elsevier Science B.\,, 1995).
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Summary Conclusion
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Optimizing Tc

* Spin %2

* One band

* Two-dimensions

« Strong covalency between chalchogen and transition metal.
— Chalcogen screens U

« Charge-transfer gap just opening (intermediate interactions).

« Large J at half-filling

e ... and more Chuck-Hou Yee et al EPL 111 17002 (2015 )

Stanev et al., npj Computational Materials 4, 29 (2018)

Liu et al. APL Materials 8, 061104 (2020)
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Thank you
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