The Three Hallmarks
of Superconductivity

1) Zero Resistance
2) Meissner Effect
3) Macroscopic Quantum Effects
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The zero resistance transition of Hg measured in 1911 by Kamerlingh Onnes.
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Heike Kamerlingh Onnes (right), the discoverer of superconductivity.
Paul Ehrenfest, Hendrik Lorentz, Niels Bohr stand to his left.

Figure 4. Historic plot of resistance (ohms) versus temper-
ature (kelvin) for mercury from the 26 October 1911 experi-
ment shows the superconducting transition at 4.20 K.
Within 0.01 K, the resistance jumps from unmeasurably
small (less than 10-¢ Q) to 0.1 Q1. (From ref. 9.)
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Look at the History of the “History of Superconductivity” ....
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Critical temperature T, [K]
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Critical temperature of superconductivity with time
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Conventional superconductivity at 203 kelvin at high

pressures in the sulfur hydride system

A.P.Drozdov'*, M. I. Eremets'*, 1. A. Troyan', V. Ksenofontov” & S. I. Shylin®
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Nature 525, 73-76 (03 September 2015) doi:10.1038/nature14964
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The metallization and superconductivity of dense hydrogen sulfide

Yinwei Li,"# Jian Hao," Hanyu Liu,? Yanling Li," and Yanming Ma**'

Meissner Screening

_5 I I I
100 150 200 250
Tamperature (K)
(b)gs | —130GPa [
150 GPa i
g D _'//
< 0.4 |
'].0 ./l/ L 'l
0.05
|
f’n.oo s - ﬂ"‘f"\"‘
"% 0.0
000 Wﬂ 20 30 40 0

Frequency (THz)



R(T)/R(290 K)

1.2

0.8

0.4

Room-temperature superconductivityina

carbonaceous sulfur hydride
T T T T T T T b

C 300

275

250

225

200

175

150

125

Mature | Vol 586 | 15 October 2020 | 373

T

=— Room temperature

~— Freezing point

of water

(p)
L ; ( ) |
i ()
| | (»)
o Run1(y)
Lo Run 2 (x)
150 200 250
P (GPa)

https://doi.org/10.1038/s41586-020-2801-z

a T
Ambient [ Electrodes
1, e
25 = Runt R0 &
e Run 2 1g \ : .
2ok ¢ Run3
» Electrodes
1.5 o - ﬂ
% ° " 3 a P %
10F $ ° £(’]
g : e Peg
g ° o
05 k- P (GPa) —=174" §210 5220 243:250 2582 $267
° . j ‘.
| CSH,
100 150 200 250 300 .
ompleted
T (K) photochemical process
I 100 T
WHHL 2 1567 GPa )
% 1 the extremely narrow widths of the
WHHI oy . .
E oo . & transitions in the absence of a
T e, magnetic field, and the fact that the
= al, ¢ 0 RN . .
- t S widths do not change with the
20 o ¢« o . .o
SRS applied magnetic field, suggest that
% o5 o .t e et the observed phenomena are not
e P LpeaT associated with superconductivity.
267 GP 2 *6T . . 1.
7 Gra 7 J. Hirsch and F. Marsiglio, Nature,

596, pp. E9—E10 (2021)

225

300

BACKING PLATE

BACKING PLATE

THERMAL
RADIATION

OPTICAL ACCESS

X-RAY

OPTICAL
ACCESS

PRESSURE

MEDIUM

https://www.chemistryworld.com/news/room-temperature-superconductivity-finally-claimed-by-mystery-material/4012591.article



https://doi.org/10.1038/s41586-020-2801-z
https://www.chemistryworld.com/news/room-temperature-superconductivity-finally-claimed-by-mystery-material/4012591.article

Superconducting Elements [

He

[ In Bulk at Ambient Pressure E
[ At High Pressure I C " F “"

Ijlnlllﬂdiﬁedl;v::n _ lilll
[ llglzl_lzl N

llili"“llngJn
k]

2%(8°|ef|2° 570
2= e

Gkl

ACAEAESES




Classes of Superconductors

“Conventional” 3D BCS s-wave
Nb, Al, Pb, Sn, Nb;Sn, Nb-Ti, etc. ; T<25K
ACq, eh.dL‘Nttc”, -Jop«& C‘o‘, M% E, T <40 K

“Organic” Quasi 1-D,2-D
(TMTSF),X, (BEDT-TTF),X T<12K

“Oxide”

Ba(Pb-Bi);0, Ba-K-Bi-O T.< 30 K

“Heavy Fermion” Anisotropic (p- or d-wave)

UPt;, UBe;;, CeCu,Si, T2 K
“Cuprates” T ®/S4 K

High-T: | (wnder pressure)
Hg-Ba-Ca-Cu-0O T.,<135 K
T1-Ba-Ca-Cu-O T.< 125 K
Bi-Sr-Ca-Cu-O _ T.<108 K

¥ Y-Ba-Cu-O T.< 93 K

Low-T:
La-Sr-Cu-O T.<36 K

¥ Nd-Ce-Cu-O T.<25K

"Ru-l-l\ena"'es n S,..Ru-o (P-WQW-) 'T¢ < 1Lk

Superfluid 4He -> Bose-Einstein condensate: T -~ 2K

Superfluid 3He > S=1 pairs, p-wave superfluid: T .~ 103K
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Meissner Effect
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Perfect Conductor vs. Superconductor
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Zero Resistance and
Perfect Diamagnetism

Superconductor vs Perfect Conductor
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Macroscopic Quantum Effects

Superconductor is described by a single-valued — \Ij ei 0
Macroscopic Quantum Wavefunction T

Consequence: Flux ® = ﬁ B-dA

Magnetic flux is quantized in units of ®, = h/2e (=2.07x 1015 Tm?)

superconductor

B

One flux quantum in this loop requires a field
of B=®,/Area=1uT

Earth’s magnetic field B, ~ 50 uT

earth
Superconducting
Ring
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Macroscopic Quantum Effects

Continued

Josephson Effects (Tunneling of Cooper Pairs)
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The Thermodynamics
of Superconductors



Low Temperature Specific Heat of Aluminum

¢ (millijoules/mole - K)

T(K)

Ashcroft and Mermin, p. 734

Low-temperature  specific
heat of normal and super-
conducting aluminum. The
normal phase 18 produced
below T, by application of a
weak (300-gauss) magnetic
field, which destroys the
superconducting  ordering
but has otherwise negligible
effect on the specific heat. The
Debye temperature is quite
high in aluminum, so the
specific heat is dominated by
the electronic contribution
throughout this temperature
range (as can be seen from
the fact that the normal-state
curve 1s quite close to being
linear). The discontinuity at
T. agrees well with the theo-
retical prediction (34.22)
[¢, — ¢,]/c, = 1.43. Well be-
low T, ¢, drops far below
c,, suggesting the existence
ol an energy gap. (N. E.
Phillips, Phys. Rev. 114, 676
(1959).)



Resistivity p (arbitrary units)

Specific heat ¢ (arbitrary units)

T/Tc
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MEASURED VALUES OF THE RATIO”
[(C.\' - Cn)/ Cﬂ]?'c

Cy — Cy The ‘Universal’ Heat
r Capacity Jump at T,

ELEMENT

Al 1.4
Cd 1.4
Ga | {4
Hg 2.4
In 1.7
La (HCP) 1.5
Nb 1.9
Pb 2.7
Sn 1.6
Ta 1.6
Tl 1.5
\Y 1.5
Zn 1.3

“ Thesimple BCS predictionis (¢, — ¢,)/¢,]r, =  The prediction holds for
1.43. weak-coupled SCs
Source: R. Mersevey and B. B. Schwartz, Supercon-

ductivity, R. D. Parks, ed., Dekker, New York, 1969.

Ashcroft and Mermin, p. 747



Electronic Entropy of Normal Metal and Superconductor

Obtain S from integrating C, over T
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Figure 7a Entropy S of aluminum in the normal and supelconducting states
as a function of the temperature. The entropy is lower in the supercon-
ducting state because the electrons are more ordered here than in the normal
state. At any temperature below the critical temperature T, the specimen can
be put in the normal state by application of a magnetic field stronger than
the critical field.

C. Kittel, Solid Introduction to State Physics, 5t" Edition, page 364.



Free Energy of Normal Metal and Superconductor
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Figure 7b  Experimental values of the free energy as a function of tempera-
ture for aluminum in the superconducting state and in the normal state.
Below the transition temperature T, = 1.180 K the free energy is lower in the
superconducting state. The two curves merge at the transition temperature,
so that the phase transition is second order (there is no latent heat of transi-
tion at T.). The curve Fs is measured in zero magnetic field, and Fy is
measured in a magnetic field sufficient to put the specimen in the normal

state. (Courtesy of N. E. Phillips.) C. Kittel, Solid Introduction to State Physics, 5t Edition, page 364.



The Limits
of Superconductivity



Superconducting
State
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What are the Limits of Superconductivity?

J (Amps / sz}

-
Normal P S~
oy
- 10% NbTi ™
State - e S e
i NbGe Yo

Superconducting
State

———
— —
T e e — i ——

Phase Diagram

@ UNIVE%i{ITY OF



	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28

