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"to trace a possible difference in the vanishing point (of
resistivity) of Pb and Uranium Pb (Pb-206 isotope).
Regarding a difference of vanishing point temperature
for isotopes, it seemed not impossible that the
occurrence of the superconductivity might be

influenced the mass of the nucleus”

0.0700 0.0704 0.0708 0.0712

A" (a.u.) H. Kamerlingh Onnes and W. Tuyn, Comm. Leiden 160a (1922)

[ SR



Schematic of the electronic entropy

Schematic of the electronic specific of a superconductor

heat of a superconductor

* Asharp jump at T from the linear behavior of normal quasi-particle C,,

« Below T, it has an exponential behavior C, ~ 157 so the system
condenses into an ordered state with an energy gap per particle ~ 1.5 kg T



Landau’s Fermi Liquid theory (1957)

A particle-hole excitation:
an electron jumps from a

state below E to an empty
one above it
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Lev D. Landau (1908-1968)
electronic states spill over E¢
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“Woodstock of Physics”

PR BT YRS 4]

“Woodstock of Physics” “Woodstock Festival of Rock&Roll”
1987, APS March Meeting in NYC 1969, Woodstock, New York

The Society added a last-minute session to their annual meeting to discuss the new research in superconductors. The
session was scheduled to start at 7:30 PM in the Sutton ballroom of the NewYork Hilton hotel, but excited scientists
started lining up at 5:30. Nearly 2,000 scientists tried to squeeze into the ballroom. Those who could not find a seat
filled the aisles or watched outside the room on television monitors. The session ended at 3:15 AM, but many

lingered until dawn to discuss the presentations.




« P. W. Anderson:
It is pretty much a solved problem by his RVB theory.

 R. B. Laughlin:

It is such a complicated problem that we will never be
able to solve it.

 Shou-Cheng Zhang:
Is there really any big problem to be solved?




e Others:

Yes, there are big questions (such as the super high T, values). They remain to be the most mysterious
phenomena in modern physics. We believe that they will be eventually solved beautifully, just like what
we have done for conventional BCS superconductivity.

12" International Conference on Materials and Mechanisms
of Superconductivity and High Temperature Superconductors
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August 19-24,2018 Beijing * China .,, o
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B. Keimer et al., Nature 518, 179(2015)
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Oxygen ™\
o band

Zhang-Rice singlet

Mott-Hubbard type Charge-transfer type

F. C. Zhang and T. M. Rice,

Hole doping at oxygen sites FIVS Rev. B 31, ST59 (1989




“Doping a Mott Insulator: Physics of
High Temperature Superconductivity”

P. A. Lee et al., Rev. Mod. Phys. 78, 17 (2004)

Short-range RVB state




The superconducting state

* |s the superconducting state similar to the conventional superconductors?
Do electrons form Cooper pairs in the superconducting state?

« How to test this experimentally?

-
=

=
=
o
=
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o
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» SQUID measurements show that magnetic flux threading through YBCO ring
IS quantized into flux quantum @, = h/2e, implying that the charge carriers of
high T superconductors are electron pairs (Gough et al., Nature 1987).



The energy gap

 Does the superconducting state have an energy gap? How big is it? What Is its
relation to the transition temperature T.?

« How to measure this experimentally?
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T =56.0K
'2Ap:42me\r'

743K
68meV
MMW
92.2K
83meV

Increasing oxygen concentration

-150 0

Vv Sample [mV]

» Scanning tunneling spectroscopy at 4.2K
on cleaved Bi-2212 crystals with different
dopings (Renner et al.)

« “V’-shaped energy gap 2A ~ 40 — 88
meV defined by the two sharp peaks

» The amplitude of the gap increases with
decreasing hole denstiy

* The ratio 2A / kgT- ~ 10, much larger than
the BCS ratio



The pairing symmetry

« One of the most remarkable discoveries in high T, superconductivity so far
IS Its d-wave pairing symmetry.

« Pairing symmetry refers to the symmetry of the Cooper pair wavefunction,
which can be roughly identified as the complex superconducting order
parameter W(r) = |¥(r)| '? introduced by Ginzburg and Landau (1950).

« As far as pairing symmetry is concerned, the energy gap A(r) can be regarded
as the microscopic identity and measurable quantity of the order parameter.

« Pairing symmetry has important implications to the low energy excitations and
the mechanism of high T superconductivity.

e Therefore it was one of the most crucial issues to be clarified, and it was
resolved by a series of beautiful experiments.



s-wave vs. d-wave

* It was known quite early on that Cooper pairs in cuprates form spin singlet, so
the spatial symmetry of Cooper pairs can only be s wave or d wave. WHY?

Order parameter BRI s Vave: AK) = constant

basis fu nctign constant Ay The gap function is totally
Isotropic.

name 2.y?

K d,,.,, Wave:
: y
Schematic Ad,,.y, = A, (COS k, — cos k)
representation
of A(K) in « A(k) is anisotropic.
B.Z.  There are directions with

zero gap (line nodes).

Comparison between s wave or d wave « The phase of A(k) changes.



How to detect d-wave pairing symmetry?

 The line nodes in d-wave symmetry have signatures in many experiments
because it means there are abundant low-energy excitations along the nodal
direction due to zero gap.

* In the fully gapped s-wave, on the other hand, low energy excitations are
suppressed exponentially at low T.

 The existence of line nodes can be deduced from many experiments:

 Tunneling spectroscopy, HOW?

» Specific heat, HOW?

 Thermal conductivity, HOW?



ARPES measurements of d-wave gap

)
.
E=
—~ |
)
—
o3
S

0.0
Binding energy (eV)
FS angle

« ARPES can directly measure the size of the gap along different k-directions
(Z.X.Shen et al., and H. Ding et al.)
« It clearly shows a node along (w,) direction and largest gap along (w, 0) direction.

- The angle dependence of gap amplitude can be fit nicely using the Ad,, ,, formula.



Phase-sensitive experiments

« ARPES can only map out the symmetry of the gap amplitude.

« It contains no phase information, thus can not distinguish a d-wave from an
extremely anisotropic s-wave.

 The final determination of d-wave pairing symmetry were provided by the

“phase-sensitive’” experiments which contains the phase information.

« A beautiful set of experiments
1s the “Corner SQUID” by
Wollman et al., (PRL 1993).

YBCO single crystal

Q

 Due to the & phase shift of the
d,o.y» Symmetry, the corner
SQUID will have different
behavior from the edge SQUID.




Phase-sensitive experiments

 Another beautiful phase-sensitive experiment is the tri-crystal experiment by
Tsuei and Kirtley (for a review, Tsuei and Kirtley, Rev. Mod. Phy. 2000).

» Using an thin film grown on patterned SrTiO, substrate, they can form a tri-
crystal junction with frustrated phase geometry.

« Using scanning SQUID, they found a spontaneous % flux at the junction and
h/2e fluxes everywhere else, consistent with the d,, ,, pairing symmetry.



BCS superconductors

Fermi liquid state Low-T, superconducting state

State above T_:

High-T_ superconductors

State above T,:

7?7 High-T, superconducting state
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LETTER doi:10.1038/nature 10345
Magnetic-field-induced charge-stripe order in the 5&% % |:I:| E’] . EE, ?‘ [& BE 5

high-temperature superconductor YBaoCu30v

Tao Wu', Hadrien Mayaffre!, Steffen Kramer', Mladen Horvatie!, Claude Berthier', W. N, Hardy™®, Ruixing Liang™®, D. A, Bonn®”
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Article

Emergent charge orderin pressurized
kagome superconductor CsV;Sb.

Toow BY NMR spectrum
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Temperature Records for
New Compounds
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New Superconductors Propel

Chinese Physicists to Forefront
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Hg12'12 I-:.-—I Compound | Reference . Q) | J(meV) | @pme (MmeV)
' Bi2223 La214 (23] 3 157(1) 311(4)

"R o
k k ~e-_| Hg1201 | CCoc [24] 166(4) 313(5)

*w\ﬁ\‘ %‘ é "I Bi2212 YBCO [25] 30| 1402) | 272(5)

’TI2201 YBCO

\Q\o
\‘ Y124

)

Y124 (26] 105(2) | 205(9)

NBCO | [26,27] : 135(2) | 269(6)

T12201 127(7) 247(11)

La214-~ . o
52 [28] 153(3) | 309(15)
B'2201@ \ 22 [29, 30] : 161(7) | 313(11)

[29] 165(6) | 324(15)

NCCO [31] 147(4) 290(2)

Hgl1201 this work 135(8) 265(10)

Hgl212 this work 27 176(11) 347(8)

Lichen Wang et al., Nat. Commun. 13, 3163 (2022)
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Retractlon Note. Evidence of near-ambient
superconductivityinaN- doped lutetium hydride

gck-Gammean Elliot Snider, Raymend ) { o Pazan Drden Durkee, Nuazat

at & Ranga P

Retraction to: Nature https:/doi.org/10.1038/541586-023-05742-0

This article has been retracted at the request of the authors Nathan Dasenbrock-Gammon,
Elliot Snider, Raymond McBride, Hiranya Pasan, Dylan Durkee, Sachith E. Dissanayake, Keith
V. Lawler and Ashkan Salamat. They have expressed the view as researchers who contributed
to the work that the published paper does not accurately reflect the provenance of the
investigated materials, the experimental measurements undertaken and the data-processing
protocols applied. The above-named authors have concluded that these issues undermine

the integrity of the published paper.

In addition, and separately, concerns have been independently raised with the journal
regarding the reliability of the electrical resistance data presented in the paper. An
investigation by the journal and post-publication review have concluded that these concerns

are credible, substantial and remain unresolved.

Nugzari Khalvashi-Sutter, Sasanka Munasinghe and Ranga P. Dias have not stated whether

they agree or disagree with this retraction.
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