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Superconductivity is one of the oldest but 
continues to be a full of vigor field of study 
ever since its discovery more than a 
century ago for its scientific lure and 
technological potential. 



To raise the Tc above the prevailing records
has been the driving force for the century 

old active effort on superconductivity 
Study

(to discover, to understand and to apply)

- New materials? from elements to 
compounds; from simplicity to complexity 

- Universal rules?
- New mechanisms?

- Chemical and physical?
- Ultrahigh pressures

(via a metastable state)?



Superconductivity – Science and Technology
• Science – Edisonian vs Einsteinian: Tc, mechanism
 
      -BCS: Tc = 1.14θDexp(-1/NV) – electron pairing, attractive interaction, 
macroscopic coherent state
  
     - McMillan:Tc = [<ω>/1.20]exp{-[1.04(1+λ)]/[λ-µ*(1+0.62λ)]}

    - Ginzburgh; Tc ~ exp (1/g)

    - Matthias: Tc ~ e/a 4.75, 6.4 (LTS); Presland: Tc/Tc,max+~ 1~ 82.6 (n-no)2
 (HTS)

                - characteristic temperature Ө ~ 1/M- α 
                - e-ph interaction, mass and instabilities, LTS
                - e-e interaction, magnetic fluctuations, e-e correlations, excitons,
                  anyons, magnons, plasmons, demons, electronic instabilities,… HTS
                - e-ph interaction, RTS (hydrides) 
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All record high Tcs are under extreme 
pressures and the current record ~ 300 K



Record Hight Tc-Superconductors (LTS, HTS and RTS): 
they are all relative, a moving target– Tc, operating temp, materials, 

pressure….

• Edge of the universe – 0.3 K (The cosmo background radiation, Penzias and Wilson, 1964)

• LTS Liquid He  - 4.2 K [Hg – 4.2 K] (Kamerlingh Onnes,1911)

•  Liquid H2 – 20.3 K [Nb3(Ge,Al) – 21 K, 23.2 K] (Matthias et al. 1967; Testardi et al.1973)

• HTS Liquid N2 – 77 K [RBCO - 90’s K] (Chu et al. 1987)  – the holy grail then

• Space Shuttle - 100 K [BSCCO - 110 K] (Maeda et al. 1988)

• Liquid Natural Gas - 120 K [TBCCO - 120 K] (Hermann et al. 1988; [HBCCO- 133 K] ( Schilling  et al. 1993)

• CF4 - 148 K [HBCCO -164 K, 31 GPa] (Chu et al. 1993) – [but high pressure required and ozone layer depletion]

• RTS - ≥ 203 K [Hydrides under very high pressures]- the Holy grail now

        H3S – ~ 203 K at ~ 155 GPa (Eremets et al. 2015)

        LaH10 - ~ 260 K at ~ 180-200 GPa (Hemley et al. 2019)

C-S-H - ~ 287 K at – 267 GPa (Dias et al. 2000)

Lu-N-H - ~ 294 K at 1GPa (Dias et al. 2023) – the holy grail then?

Pb-Cu-P-O -~403 K at 1atm (Lee et al. 2023)

         La-Sc-H – 296 K at 260 Gpa (Y. M. Ma ET AL. 2025)

) 
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• We now enter the RTS era of hydrides by 
replacing the difficult temperature barrier 
unfortunately by an even more formidable 

pressure barrier

• A possible solution- 
controlled Pressure Quench Protocols (PQP)

and a new record Tc at ambient

#5



To search for new record Tc’s at ambient: e.g.                                                 
 
1. to modify an existing compound system,   through optimal 

doping, Nb3Ge- 23.2 K (1973)

2. to find a new compound system, e.g. the first    
       quaternary compound YBCO- 93 K (1987)

3. to modify the existing compound through high pressure, 
e.g. HBCCO- 133 K (1993) 

        [ and 164 K at 31 GPa (1993)]

4. to retain the metastable phase with  minimum efforts by 
PQP - a non-chemical route – HBCCO 151 K (2026)



Pressure-Quench-Process (PQP)
the concept is not new  but its deployment for for superconductivity is 

• “Most of the alloys used in industrial applications are actually metastable
at atmospheric pressure and room temperature, and these metastable phases 
possess desired and/or enhanced properties that their stable counterpart lack.” 
- Pol Duwez (metallic glass), Francis Kennedy (artificial diamond)

• The high-pressure-induced phases in HTS and RTS can be considered metastable, i.e. 
kinetically stable but thermodynamically not, protected only by energy barriers. We have taken 
advantage of these energy barriers to stabilize the metastable or “supercooled” states via a 
pressure-quench protocol (PQP) at a specific quench-pressure (PQ) and a chosen quench-
temperature (TQ)
 
• Simple element -> binary FeSe -> cuprate HBCCO -> hydrides



Gib’s free energy consideration– G(P,T,η,..)
                     (laten heat, energy barriers)

•         1st order  -lattice, structure, symmetry
                    Clapeyron-Clausius equation dP/dT = ΔS/ΔV = l/T ΔV

•          2nd order – electronic, often

•          2 1/2 order- Fermi surface topology change



Diamond can be retained by either pressure or temperature-quench,
chemically or physically 

Francis Bundy
1954





Indeed , we found that anomalies of 
different electron and/or phonon in 
nature can provide the energy barriers to 
trap the metastable phases. For 
instance, we have successfully 
demonstrated to trap the pressure 
induced superconducting state in 
material from Sb, Bi, FeSe, Cu-doped 
FeSe, Bi0.5Sb1.5Te3 in progressing 
complexity.
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The PQP steps to obtain, test and characterize the pressure-induced phase without pressure. 

Determine Tc(PA) phase relation

Select a target phase at PA for PQ

Measure R(T) under PA to confirm the phase selected 

Pressure-quench at PQ (=PA) and TQ 

Measure Tc of the retained phase at ambient

Check stabilities of the PQed phases as functions of time and temperature
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Pressure-Quench BST @ TQ and PQ 

L. Z. Deng, B. S. Wang/C. W. Chu et al., in press in PNAS, 2025

Phase transition may have provided the energy barrier to retain the PQed phase; the PQed Phase is bulk



1. Laves Phase RERu2
2. A15 NbSn3

3. Chevrel Phase REMo6S8
4. Rhodium Borides RERh4B4

5. Cuprates 123 REBa2Cu3O7

6. Rare-Earth Hydrides REHX
RE – skeleton, H – active part & charge 

reservoir? – need more data!

A Complex Superconductor needs a 
Skeleton to host substructures

 Active Component + Charge Reservoir 

RE affects (1-4) or does not (5, 6?) affect SC. 
[cwc]





HBCCO 1223: Tc= 134 K at ambient; 164 K at 31 
GPa



(Nature 1993)



Large and universal Tc enhancement in Hg-12(n-1)

 PRB 50, 4260(R) (1994)



• Search for Record High Ambient Pressure Tc in HBCCO via PQP 



Hg1223 – RTs of PQP (Exp. 1-5)
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DC magnetic results for pristine Hg1223 crystal #1 (source of 
S2) before PQP (black squares) and following retrieval from the 
DAC after PQP (red circles). Inset: part of Hg1223 (S2) 
retrieved from the DAC after PQP. 



0 50 100 150 200 250 300

10

20

30

40

 29.7 GPa before PQ [ R×50 ], cool
 PQed at 4.2 K, warm

R
 (Ω

)

T (K)

Hg1223-S5

2024/12/03 eve -04

155 K

170 K

Chu/Deng Group
Deng, Habamahoro, Safezoddeh/Chu et al. 

12/03/24 22:56 pm

Sign of >170 K SC 
at ambient pressure?



5 10 15 20 25

?

? = unkown

(powder)0.0 GPa 

19.7 GPa

14.7 GPa

11.8 GPa

Ref_P4/mmm

2.0 GPa

PQed

x = sec dia

?? x

2 
1 

0 3 
2 

3
3 

2 
2

3 
0 

2
3 

0 
3

3 
1 

02 
2 

0

2 
1 

32 
1 

2

2 
0 

0

1 
1 

0

1 
0 

0

In
te

ns
ity

 (a
.u

)

2θ (degree)

N
e

N
e

No structural transition generated under pressure! 

XRD at 300 K and different P’s
Hg1223- S6 [PQ = 19.7 GPa, TQ = 50 K] 

 Structural transition

 Lattice parameter

 Bond angle/length



DFT – Phase 
Stability

29B. Karki, P. Hosur (UH)



Knows,Unknowns & Perspective
• Knowns: Tco~ 151 K , bulk, no PQP induced structural transition, defects, highly
reproducible
• Crucial Parameters & their correlations for successful PQP’s: Tc, Jc and 
mechanical properties 
• PQP Control and Performance: micro-and/or  nano-structures, PQ and TQ/
• Characterization of the PQed phases inside and outside DAC
• Prerequisites for Materials for optimal PQP: lattice, electronic(FSTC) and/
or other metastabilities(FSTC)
• Temporal and thermal stabilities
• Tc(PQ) before PQP >  Tc after PQed at PQ
• Quantity: from PQP to application
• Challenges: small size, misalignment from PQP to characterization

This may just be the beginning of an exciting Journey of PQP !!!
(Hope AI will help shorten the journey!!!)
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Thank you!
Any comments and suggestions are welcome!
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