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Abstract This paper examines the way of thinking and limitations of physicists regarding the phenomenon of superconductivity
and outlines how room-temperature and ambient-pressure superconductors can be developed through the statistical thermodynamic
background of the liquid state theory. In hypothesis, the number of electron states should be limited by confining them to
a state close to one-Dimension. Simultaneously, the electron-electron interactions should be frequent enough for the
electrons to have liquid-like properties. As an example of implementing the hypothesis, our team reports the development
of room-temperature and ambient-pressure superconductivity of a material named LK-99 (superconducting compound name
developed in the research), whose structure was revealed through numerous experiments with a clue found by chance.
Moreover, we summarize the theoretical and experimental basis for the characteristics and discovery of the world’s first
superconducting material surpassing the critical temperature of 97°C at atmospheric pressure.

Key words Room-temperature and ambient-pressure superconductivity, Liquid-like property, Critical temperature, One-
Dimension, Electron-electron interactions
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Fig. 1. Schematic (a) metallic and (b) superconducting energy diagram.
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Fig. 2. Heat capacity A-transition near critical point (a) Isochoric heat capacity (C,) of Ar (b) Isobaric heat capacity (C,) of ‘He.
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Fig. 3. Abnormal magnetic hysteresis behavior under Zero-Field-Cooling and Field-Cooling. (a) Transition temperature is about
323K (50°C) (b), (c) Reproducibility results of same experiment procedure.
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(from patent: 10-2021-0112104) (b) = 50, + 60, £ 70 mA, respectively. (c) Current-voltage measurement results following tempera-
ture variation (T) (Keithley 228A, 182, 2000).



68 Sukbae Lee, Jihoon Kim, Sungyeon Im, SooMin An, Young-Wan Kwon and Keun Ho Auh

T T T T T T T
1000 . 0 Oe ]
—— 2,000 Oe
. 2,500 Oe
E 500 4 —— 3,000 Oe g 4
z
)
> 04
3 I
e
3 A
< '
g -500 - J: <4
-1000 A E
-321) -22)0 -1 ;]0 (I) 160 2(I)0 3(;0

Applied Current (mA)

Fig. 7. Current-voltage measurement results following external
magnetic field (H) variation (Keithley 228A, 182, 2000).

-0.00038 -

-0.00040 -

-0.00042

M(emu)

-0.00044

-0.00046

-0.00048 - 1

-0.00050

T T T T T
200 250 300 350 400
T(K)

Fig. 8. Hysteresis results through zero field cooling and field
cooling of LK-99.

gRlskrt.

(4) AF-A A7 24 Ingot AAEC] =4 4], 9
5 271 el A ARy 54 AF Al R
7l e AT st A4S ERIskiTHFig. 7).

(5) Aksks: vhat AEe] ko) mE 2skE S ol|A
A 247]7/(SQUID)] 3|21 400 K7H4]¢] ZFC(zero
field cooling)-FC(field cooling)®] hysteresis &<213I3 T}
(Fig. 8)(KARA: MPMS 3-evercool).

(6) AFRA7IE nigoz Fdd A= 345 5
g FEHC/TE AN A AALE(T )M 28
Fo| 54 Wske YoM AF HAXC] A-transition®]
zh=th AR SAE  Ue A el
3l AFE 400 msec T
=5 34 3 24E A

0.12

-_ OI- Cp/‘lr |

0.10 1 Q

)
o
o
&
L

0.02 4 g

0.00 1' 90000000%

Cpg(mJKozmol
\o\
©
©
<
e

%7 368 360 370 371 372 373
Temp (K)
Fig. 9. Calculated specific heat capacity over Temperature (C/

T) of LK-99 at = 60 mA current near T,. It shows the charac-
teristic form of A-transition near T..

o7 dE&FS Al en, Fig. 99 o] AL
FHAAM  A-transitiond Wi FAGE 54E AU
ATt

ol tigk ek Fxob MR} P2l thk g &+
A, =40l & Wik o A7) we Aske FA(M-
H)e| 274 ZA3el] g a4 Aejste] A Aol
W oot

Apatite T2 S53HE, ¢ 3 ab Sl
% 5/do] g2} anisotropicet AR} F+2E Zh=
¥ AAE7 1D TPk SE 2t 53
th. o] Fxo) g EE doping Al AT S5
o] Yol 025 Wouwse e A[44]0l A
Atk B =Foe 1D 7k AR FRE
o] B (LK-990lX UAILE T 400K HE A2
Tl =l st shellA g5 ol 10054
qd fAEE 52 e AEE ATt
e =217 olmjs} 4] olsiE w71
wEloAbEe] 71E wde A A AR B2
Fo ATl S 93 =EE T
ZAEEG HIst 2 Aol kst e
Ll , A 53135} slal I7iEE Al

al
Aol olell g SR =l & A5 olslE 5]
9 g i

R=)
il
it

2]

2o
2o

—_ =

oo X X

T
©

1

>N

B oe R
o o J
o2
fﬂ
ol

1
il
& Exe
o
(o
ox

r

do
o lo,

9
R
o

(
==

< S Alojol|A M=
oFEAA] e AR Hols A S 2Ax £F
9] 7Fs4dS AAISH A. Mourachkine[45]¢] 3, ‘Room-
Temperature Superconductivity’e} H(Feys 7|Hto2
AMZE 4% B2 AlES A 429 Hosono[46] B}
ALe] =Rl e Apatite 725 zh= 1D 29 %
Axe] 7FsAS AAT RS SR + ok 2

>
©
o
)
)
Ir o
b
rlo
il



Consideration for the development of room-temperature ambient-pressure superconductor (LK-99) 69

ol Q%o], %o QARe| e B3P

HE2 W] HA o]F W] fel whedol
Az g2 A9 ZAEAE FopfEe A i wizl
A A4 8l FA1 7] Mg FAAL o

Bt ()2 E L), #7449 3dE ()3t
]l), 2L S TRl Fefsf F4 B TR EE
AEGUT RGeS FarsEst A Adsial,
As A TF AT H2 A7 AalFo= o
HeS sl i e W A, A AR A
S AT # A7e FE )RBANUAIATLY
AR = RS, Ao AR 20199 HF
@S] Aoz =t 7| 2APARIe] ADS
o} 4=3)% A (No. 2019R111A1A01059675)9} 22th
sk o] 591 (Korea University GrantyS 53 A]9S vt

AEU

References

[ 1] H.K. Onnes, “Further experiments with liquid helium.
C. On the change of electric resistance of pure metals at
very low temperatures etc. IV. The resistance of pure
mercury at helium temperatures”, Proceedings of the
Section of Sciences 13 (1911) 1274.

[2] K.H. Auh “A short note of superconductors”, Journal of
the Korean Crystal Growth and Crystal Technology
31(5) (2021) i.

[3] J.G Bednorz and K.A. Miiller, “Possible high T, super-
conductivity in the Ba-La-Cu-O system”. Z. Phys. B.
64(1) (1986) 189.

[4] H. Takahashi, K. Igawa, K. Arii, Y. Kamihara, M.
Hirano and H. Hosono, “Superconductivity at 43 K in
an iron-based layered compound LaO,_F FeAs”, Nature
453 (2008) 376.

[5] P. Phillips, “Advanced solid state physics. perseus
books”, Phillips ed. Overseas Press (2008) p. 224.

[6] M. Cross, “Fermi liquid theory: Principles”, California
Institute of Technology (2004, Caltech Statistical Phys-
ics Lecture: Physics 127, Third term Lecture 9 http://
www.pmaweb.caltech.edu/~mcc/Ph127/c/Lecture9.pdf)
1-5.

[7] P. Kapitza, “Viscosity of liquid helium below the A-
point”, Nature 141 (1938) 3558.

[8] J. Bardeen, L.N. Cooper and J.R. Schrieffer, “Micro-
scopic theory of superconductivity”, Physical Review
106 (1957) 162.

[91] J. Bardeen, L.N. Cooper and J.R. Schrieffer, “Theory of
superconductivity”, Physical Review 108 (1957) 1175.

[10] E. Maxwell, “Isotope effect in the superconductivity of
mercury”, Physical Review 78(4) (1950) 477.

[11] H. Frohlich, “Theory of the superconducting state. I.
The ground state at the absolute zero of temperature”,
Phys. Rev. 79 (1950) 845.

[12] B.D. Josephson, “The discovery of tunnelling supercur-
rents”, Rev. Mod. Phys. 46 (1974) 251.

[13] F. London, “Superfluid”, vol. 1 F. London ed. (Wiley
and sons,1950) p. 152.

[14] H.S. Deaver. Jr. and W.M. Fairbank, “Experimental evi-
dence for quantized flux in superconducting cylinders”,
Phys. Rev. Lett. 7 (1961) 43.

[15] R. Doll and M. Niibauer, “Experimental proof of mag-
netic flux quantization in a superconducting ring”, Phys.
Rev. Lett. 7 (1961) 51.

[16] O. Yilmaz, M. Saglam and Z.Z. Aydin, “Solution of
Dirac equation for an electron moving in a homoge-
neous magnetic field: Effect of magnetic flux quantiza-
tion”, New and Old Concepts in Physics 4 (2007) 141.

[17] J.E. Jacak, “Magnetic flux quantum in 2D correlated
states of multiparticle charged system”, New J. Phys. 22
(2020) 093027.

[18] A.P. Drozdov, P.P. Kong, V.S. Minkov, S.P. Besedin,
M.A. Kuzovnikov, S. Mozaffari, L. Balicas, F.F. Balaki-
rev, D.E. Graf, V.B. Prakapenka, E. Greenberg, D.A.
Knyazev, M. Tkacz and M.I. Eremets, “Superconductiv-
ity at 250K in lanthanum hydride under high pres-
sures”, Nature 569(7757) (2019) 528.

[19] A.P. Drozdov, M.I. Eremets, I.A. Troyan, V. Ksenofon-
tov and S.I. Shylin, “Conventional superconductivity at
203 kelvin at high pressures in the sulfur hydride sys-
tem”, Nature 525 (2015) 73.

[20] N. Dasenbrock-Gammon, E. Snider, R. McBride, H.
Pasan, D. Durkee, N. Khalvashi-Sutter, S. Munasinghe,
S.E. Dissanayake, K.V. Lawler, A. Salamat and R.P.
Dias, “Evidence of near-ambient superconductivity in a
N-doped lutetium hydride”, Nature 615 (2023) 244.

[21] N.W. Ashcroft, “Metallic hydrogen: A high-temperature
superconductor?”, Phys. Rev. Lett. 21 (1968) 1748.

[22] H.T. Kim, “Room-temperature-superconducting T, driven
by electron correlation”, Sci. Rep. 11(2021) 10329.

[23] Y. Yanase, T. Jujo, T. Nomura, H. Ikeda, T. Hotta and
K. Yamada, “Theory of superconductivity in strongly
correlated electron systems”, Physics Reports 387(1-4)
(2003) 1.

[24] M.K. Wu, J.R. Ashburn, CJ. Torng, PH. Hor, R.L.
Meng, L. Gao, Z.J. Huang, Y.Q. Wang and C.W. Chu,
“Superconductivity at 93 K in a new mixed-phase Y-Ba-
Cu-O compound system at ambient pressure”, Physical



70 Sukbae Lee, Jihoon Kim, Sungyeon Im, SooMin An, Young-Wan Kwon and Keun Ho Auh

Review Letters 58 (1987) 908.

[25] A. Schilling, M. Cantoni, J.D. Guo and H.R. Ott,
“Superconductivity above 130 K in the Hg-Ba-Ca-Cu-O
system”, Nature 363 (1993) 56.

[26] .M. Vishik, W.S. Lee, R.-H. He, M. Hashimoto, Z.
Hussain, T.P. Devereaux and Z.-X. Shen, “ARPES stud-
ies of cuprate Fermiology: superconductivity, pseudogap
and quasiparticle dynamics”, New J. Phys. 12 (2010)
105008.

[27] T. Yu, C.E. Matt, F. Bisti, X. Wang, T. Schmitt, J. Chang,
H. Eisaki, D. Feng and V.N. Strocov, “The relevance of
ARPES to high-Tc superconductivity in cuprates”, npj
Quantum Mater. 5 (2020) 46.

[28] Y. Cao, V. Fatemi, A. Demir, S. Fang, S.L. Tomarken,
J.Y. Luo, J.D. Sanchez-Yamagishi, K. Watanabe, T. Tan-
iguchi, E. Kaxiras, R. C. Ashoori and P. Jarillo-Her-
rero, “Correlated insulator behaviour at half-filling in
magic-angle graphene superlattices”, Nature 556 (2018)
80.

[29] Y. Bang, “Pairing mechanism of heavily electron doped
FeSe systems: dynamical tuning of the pairing cutoff
energy”, New J. Phys. 18 (2016) 113054.

[30] S.B. Lee, J.H. Jeon, W.S. Kim and T.S. Chair, “A new
model approach for the near-critical point region: 1.
Construction of the generalized van der waals equation
of state”, J. Phys. Chem. B 112(49) (2008) 15725.

[31] W.S. Kim and S.B. Lee, “A corresponding state theory
for the viscosity of liquids”, Bull. Korean Chem. Soc.
29 (2008) 33.

[32] H. Eyring and R.P. Marchi, “Significant liquid struc-
tures”, J. Chem. Educ. 40(11) (1963) 562.

[33] M.S. Jhon and H. Eyring, “Physical Chemistry, An
Advanced Treatise Vol. X: Liquid State”, D. Hender-
son Ed. (Academic Press, New York) (1971) p. 335.

[34] J.O. Hirschfelder, “Henry Eyring, 1901-1982”, Annual
Review of Physical Chemistry 34 (1983) xi.

[35] F. London, “The A-phenomenon of liquid helium and
the bose-einstein degeneracy”, Nature 141 (1938) 643.

[36] J.D. Van der Waals, “The equation of state for gases and
liquids”, Nobel Lectures, Physics 1901-1921 (Elsevier
Publishing Company, Amsterdam, 1967) p. 254.

[37] T.S. Chair, W.S. Kim, H.S. Pak and M.S. Jhon, “A cal-
culation for the viscosity of fluids by using van der
Waals equation of state”, Korean J. Chem. Eng. 6
(1989) 121.

[38] W.S. Kim, J.Y. Kim and T.S. Chair, “Viscosity of
helium calculated by using the brake theory of viscos-
ity”, J. Korean Chem. Soc. 36 (1992) 376.

[39] L. Levitov and G. Falkovich, “Electron viscosity, cur-
rent vortices and negative nonlocal resistance in graphene”,
Nature Phys. 12 (2016) 672.

[40] S.H. Park, M. Kim, T.S. Chair and W.S. Kim, “The
dependence of the critical temperature on the dimen-
sions of the electron motion”, J. Korean Chem. Soc. 40
(1996) 401.

[41] Y.W. Kwon, C.H. Lee, D.H. Choi and J.I. Jin, “Materi-
als science of DNA”, J. Mater. Chem. 19 (2009) 1353.

[42] Quantum Energy Research Institute, patent registration
number: Republic of Korea 10-2020-0092373, patent
application number: 10-2021-0112104, patent applica-
tion number: 10-2022-0106845.

[43] Named LK-99 after the initials of the family name (Lee
and Kim) of the two people who first discovered a sub-
stance with a critical temperature of over 320 K and
continued research on it with the last two digits of the
year of discovery (1999).

[44] S.H. Hwang, K.K. Orr, C.K. Lee, CM. Lee and D.W.
Kim, “A study on color in apatite with the addition of
transition element”, J. Korean Chem. Soc. 23 (1986) 43.

[45] A. Mourachkine, “Room-temperature superconductivity”,
Ist ed. A. Mourachkine Ed. (Cambridge International
Science Publishing (CISP). Cambridge, 2006) p. 271.

[46] Y. Zhang, Z. Xiao, T. Kamiya and H. Hosono, “Elec-
tron confinement in channel spaces for one-dimensional
electride”, J. Phys. Chem. Lett. 6 (2015) 4966.



