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Room-temperature ambient-pressure superconductors :
~ LK-99: A room-temperature superconductor?

On July 27, 2023, a Korean research team announced the discovery of a room-
temperature ambient-pressure superconductor: LK-99 (chemical formula
PbyCu(PO4)s0O , a lead-copper apatite), which exhibited superconducting properties
at 127°C'!
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Magnetic and electrical
measurements on LK-99:
=Diamagnetic-like &  zero-
resistance-like superconductor!!
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» On August 1, another article showed that LK-99 can be a
superconductor via proper copper doping & the first paper to prove the
feasibility of the "LK-99" by theory.

> Driving superconductor concept stocks to sharp rise (American
Superconductor AMSC, lead & copper futures, conductive wire
materials, medical, etc.)!

> Room-temperature ambient-pressure superconductor ~ the "Holy
Grail" of science~LLK-99 ?




Introduction to superconductivity:
B

-Characteristics of superconductor:

T=Tp

Z.ero resistance! B

O otk A

J

T<T¢
Meissner effect: B = 0 in superconductors

~Perfect diamagnetism !

SPersistent Current i>105 iearsi!

J




A Nobel-Prize Experiment you can do:

o

Magnet

‘, — # #B XA X YBa,Cu30y,

YBCO superconductor

quuid N,




Discovery of Superconductivity Zero resistance

1

- Discovered by Kamerlingh Onnes /LA |
in 1911 during first low
temperature = measurements  to
liquefy helium.

Resistans
]

«  Whilst measuring the resistivity of et
“pure” mercury (Hg) he noticed e
that the electrical resistance
dropped to zero at 4.2 K .
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Temperatur

- In 1912 he found that the resistive H. Kamerlingh
state is restored in a magnetic field Onnes
or at high transport currents. XIXIX)

1913 Nobel Prize in Physics




Superconductivity

Li | Be
0.026
Na | Mg

Fe
J‘ (iron)
T=1K

(at 20GPa)

@ Transition temperatures (K) and critical fields are generally low
@ Metals with the highest conductivities are not superconductors

@ The magnetic 3d elements are not superconducting




Superconductivity — Phenomena and facts

He

Hard and soft superconductors

B
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) -4 4 | regime

Soft (type |) superconductor

Magnetic flux trapped by defects or impurities

| Intermediate
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Hard (type Il) superconductor shows incomplete

Meissner effect (higher current possible

Inside a superconductor a magnetization =M
(opposed to the outside magnetization +M) is built up
Above a critical field (electrical current) current this
magnetization collapses and superconductivity ceases

Normal and superconducting
regions in a type Il superconductor
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_______ An electron travelling through the 1972 Nobel Prize
| — lattice polarizes its surrounding in Physics
| - Electron fast — lattice vibrations slow
] — a second electron is drawn into the
: i R positive trough produced by the first
electron
[ 4 & -
= electron movements are coupled
% — o electron are highly correlated
] . e al = Cooper pairs ( ~§ )
kT e
I-':J P =
maximum deformation at a time T ™~ i ~ 107135
~ vpT ~ 10°ER . 1071 m[ 1000 A. ] £ - 10004
~ Phonon-mediated Cooper pairs! & T, < 40 K! s

obey the Pauli principle




Consequences of BCS and experiments:

B i The conduction band of a
‘ nergy AT ity superconductor  exhibits a
gap: M) . ..o, superconducting gap

3 - -Real SC data (reflectivity)
(R B8) g

Figure 19: The evolution of the gap {as measured by reflectivity) as a function of tem-

perature. The BCS approrimation is in reasonably good agreement unth experiment.

2. Isotope effect:

( ) 3 S Tm\/I
Mg > ‘M

~ All these observation are accounted for by the BCS theory




~The generation of high-T, superconductors (1986):
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Bednorz & Muller discovered the La-Ba-Cu-O superconductor with T, ~30 K




N @® LaH,,(250 K @170
Since the discovery of superconductors, the transition of T. GPa, 2019)

:

@® 11,S (203 K @150 GPa
2015)
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HgBa,Ca,Cu,0, Highest T.  under

normal pressure: ~135 K
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High-T. superconducting (HTS) cuprates:

1. An unusual isotope effect in a high-transition-temperature

superconductor ~ see: Nature, Vol. 430, No. 6996. (08 July 2004), pp.
187-190. = not BCS superconductor!

2. Quantum critical point: T
~ Spin (quantum) fluctuation
mediated :

~see: Philippe Bourges et al,
Physical Review Letters (2006, May)

*The parent material & through doping some |
elements Ssuppress antiferromagnetic (AF) | Pseudogap
characteristics & superconductivity appear! | State

*Electron pairs are paired by "quantum ,,
fluctuations" as a medium, not by the vibration 0 005 0.16 0.27
of lattice atoms (traditional low-temperature Hole Doping x

suierconductors '!! Stronili COUﬁled ﬁairs!




Iron-based superconductors:

0.00 0.02 0.04 0.06 0.08 0.10 0.12

x xin NaFe Co As
QCP phase diagram of iron-based QCP phase diagram of iron-based
superconducting FeTe;,Se,[1] superconducting NaFe; ,CoxAs [2]

[1]J. Hu et al., Phys. Rev. B 88, 094505 (2013).
[2] A. F. Wang et al., Phys. Rev. B 85, 224521 (2012)




Finding new high-T. SCs?
~ Search antiferromagnetic materials ~ the parent compound of a
new SC!

“Normal”

Antiferromagnetism
« Mmetal

A

Pseudoga
(/s:/ gap

Superconductivity _

Electrons Holes

*The parent material & through doping some elements SEsuppress
antiferromagnetic (AF) characteristics & superconductivity appear!




lications, of superconductors: . 1 .
PR e et ey (M e

R Maglev high-speed railway in Japan:

X X XX X R XXX R X
%)g&@z@&&&mﬂ&&&&
2020 KX X KKK XX KKK X
MXXXMXN. Xl

https://zh.wikipedia.org/zh-
tw/%E4%B8%AD%ES%A4%AE%E6%96%B0%
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https://zh.wikipedia.org/wiki/%E9%AB%98%E9%80%9F%E9%90%B5%E8%B7%AF
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Three limiting factors of superconductors for
------- applications: T, H, J.:

= 10’
(A / cm?)

= NbTi
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YBaCuO
(The largest range




High-T,. superconducting tape
(15t generation )
Bizsrzcazcu;a,oy
(T. = 120 K)




High-T. superconducting tape (2" generation )

YBa,Cu30, (coate: filess steel tape)

€ American
> uperconductor:

REVOLUTION

344 Superconduetors

Stainless steel-stabilizeq second 9eneration HTS wire






Applications of superconducting magnets :

rator
erator

d\Q{lg magnets
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~ 2050 zero-carbon goal?

HTEh-tEI‘I‘IpEf&tI.H’E mpermndmtors in a tokamak fusion reactor
The develapmeant of nuc e ar fusion power genemtion, such a= with compact tokamak fusson reactors, i= driving the growth and commercaalization
of high-temparatum superconductar (HTE)-coated conductors.

Sl g 1 Rl

\J _ _I--:-_

Tokamak fusion generator
Proto type compect tokamak fuson
geneEtons use an HTS-coated
conductor in D-shaped toroadal fied
cils to generale & orodal magnetc
fiedd that contines plasma for nuckear Oiuter polaid 3l fiekd ends
fusinn povess generatan. {tar plEsma postianing
andshanng)

Taroidal magnete fiedd

YBCO film

Coated conductor

The coated oo nductar compeses

multigle lagers to protect MeHTS

and ensure slactncal Sanlity.

Fabrication involves vatou s

physical wapar depositan
FOCEEEEs Which &8 Snensie

| | | and siow. But manutecturing &
Decoming mones m st and

Ongr HTS B e Substrate scalalie a5 demand grows., which
(Ncanessvans) {550 pm) {2 wm) {-3pm) {~100nm) GO0-100wm) £ reducing produ ceon cost

22 JUNE 2023

~ HTS tapes applied to tokamak fusion reactor. (@MIT, USA)
See : SCIENCE Vol 380, Issue 6651 pp. 1220-1222 (2023)




Small-scale application~ SQUID Applications:
( Superconducting QUantum Interference

Device ~the most sensitive magnetic field sensor!)
~1 nm

Superconductor &IX Superconductor

S S

SIS tunneling junction

- Biomagnetic Applications (L£Ytiii5ER)
- Non-Destructive Evaluation (NDE,EREIE 416
3
- Geophysical Applications (i ¥k3)IE fEFH)
- Scanning SQUID Microscope (1# T, SQUID#E
f3R)
- SQUID NMR and MRI ($2h 4R I 4z g iR ER)

d




Biomagnetic applications with SQUID

MagnetoEncephaloGraphy (MEG,
stz (&)
Liver Susceptometry (LS, FFhiE %)
MagnetoCardioGraphy (MCG, i)
(%)




- MagnetoEncephaloGraphy (MEG)

200-320 ms
400-780 ms

el

- 230-715 ms




Structure of magnetoencephalographic sensing
System (CTF Systems Inc., Canada)

Helium Dewar

CTr
SYST=MS
INC.




MEG System in NTU:

Elekta Neuromag MEG System

BRE - oW - 1 BEEFEHEDL

IMAGING CENTER pr Integrated
'If B()DY1 MIND anp CULTURE Research




Commercialized SQUID magnetometer: (@ R110, Department of Physics, NTU)

uXIXIXIX s XIXIXIXIXIXIIXIXIIX] (SQUID) Magnetometer

ulXX: X XQuantum Design[X| X X MPMSR2Ex
XIXIXIXX+ 7.0 Tesla (+ 70000 Gauss)
XIXIDDAIXI2 ~ 400 K ( XI[X]2 ~ 360 KIXIIX) )
XIXIXIXIXS x 107 ~ 300 emu _
HRRXK: =
~ DA DX DDA DDA XX ( M-T Curve )o
~ DIXIIXIXIE XX DX XA DX DX XA /XA X DX X X D

Loop )o

~ XXX XXX X XX XA XXX X

=
@

~

mn

E <
g



file:///http://www.hic.ch.ntu.edu.tw/SQUID/squid.html

Verify the LK-99 : (a) 95°C (c)

20hr
. 1°C/mi
~ chemical formula : 50°C/min min
PbyCu(PO,)O Pb2(SO4)O fgec/min
+ CU3P Sl Sz ‘
b st P B N SR RS SR S 3
( )j;, »_ ‘L""“’“’t NH, H,0

S51%, 5o*
(Cu,S-removed)

**Cu,S exhibits
a reduction in
resistivity at
around 385 K !




How to verify superconductors?
~Taking YBCO film as an example: S
sub 1r3 2 cm
SR
70 80 90 100
SLJVLAURLEN BLENL I B LR YBCO film
v 1.0 _Iéﬁ _
S : / Type II SCs:
05k / »magnetic susceptibility y = &1
< - 3 YBCO (a) perfect diamagnetism) @ zero-field
0.0 F cooling (ZFC)
» H =3 Oe »@ field-cooling (FC), x < 1
- -0.5 ;— i IZTE C . ( due to magnetic flux pinning)
(1o ' oseut (D) Il
RNl N N B ]
0 25 S0 75 100 '
T« = el




Results: XRD & magnetization M&T measurements:
p— : —S,, ZFC
Cu S 5 (a) as -|H =200 Oe S, FC
3 . S [ S *, ZFC
g XY
£ —s/ () & |
S S
E ;
30 35 40 45 0 100 200 300 \ 400
20 (degree) T (K)
v
removal of Cu,S using ammonia diamagnetism(M <0)
solution




Results~ electrical measurement (resistivity@temperature [ X| ¥&T):

[P — —3S
0 [ 3go K| e 2
0.50 S, * | .
= | ! v 07 Sharp transition
= £0.75 T
< - near 380 K
< S os0 , ,
&0 ] Q disappears in
I [ E [ ..
I \ 025 - (b) ! S,* & resistive
B - | o, .
0.00 | L1 1 1 K [ | | 1 L1 1 | 0-00 B | L1 1 1 | L1 1 1 | Il L1 1 I |I_ transltlon ]_S due
100 00 300 400 100 200  3ed" T I0N '
T (K) IAK) to Cu,S!
‘/ 30 1:/ . : : —_
0 ° T L] 30
Semiconductor properties: T & y: tst derivative of "IRes™ | | ma
_&p R o = 1iresistivity :
E | St -
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Explore content v About the journal v Publish with us v Subscribe % [ 0
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" ) [ T ture (°C
LK-99 isn’t asuperconductor —how  * o510l T sé ) R
science sleuths solved the mystery 3 ' s |

Efforts to replicate the material have pieced together the puzzle of why it displayed L
superconducting-like behaviours. 40 60 80 10

Temperature (°C) IT 378 K

Jan Garisto igai igi ii i




Summary:

» A room-temperature ambient-pressure superconductor, LLK-99,
was announced by a Korean research team.

»>We synthesized LK-99 and found that the Cu,S phase can be
effectively removed by ammonia solution.

» The superconducting-like behavior in LK-99 should originate
from CuS. & LK-99 is considered as a diamagnetic
semiconductor.

> Search for a room-temperature superconductor remains a
challenge.

Thanks for your attention !




