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Room-temperature superconductivity has been considered the holy grail for scientists and
engineers over the course of their long and tedious search for more than a century since the
discovery of superconductivity in 1911. Its attainment will undoubtedly unleash a new
technological revolution by enabling the ubiquitous utilization of superconductivity, the most
energy-efficient technology, without cooling for today’s energy-intensive society. It will impact
all three major sectors of our economy, i.e., primary, secondary, and tertiary, encompassing the
energy, transportation, communication, commerce, service, and other industries. Through the
heroic efforts of numerous scientists and engineers, the superconducting transition temperature Tc
has continuously climbed above prior records, e.g. to 164 K in the HgBa2Ca2Cu3O8+d cuprate under
32 GPa in 1994 by Chu et al. [1] and, after a long period of stagnation, to 203 K in the H3S hydride
under 155 GPa in 2015 by Eremets et al. [2] It is the latter that has inaugurated the new era of
hydrides in the study of high-temperature superconductivity (HTS). After successfully
synthesizing hydrides inside the high-pressure diamond cell through laser heating, a Tc up to 260
K was obtained by Hemley et al. [3] in LaH10 under 180-200 GPa in 2019. Most recently, Dias et
al. [4] achieved a Tc of 287 K in a C-S-H compound under 267 GPa. A Tc of 287 K is very close
to 300 K, which is loosely assigned as room temperature. A new era of room-temperature
superconductivity (RTS) was therefore born and has attracted great attention worldwide. It appears
to have brought down one formidable barrier to the application of superconductivity, i.e., the use
of the cumbersome refrigeration. Unfortunately, to achieve the above-mentioned record high Tcs,
especially for RTS, ultrahigh pressure in the range of hundreds of GPa is required. The ultrahigh
pressure needed to achieve and maintain these apparently realistic high Tcs also becomes a hurdle
equal to, if not more serious than, the temperature barrier in unravelling the physics of the high-Tc
phase and in the practical application of superconductivity. To provide a relief to such an impasse,
we must find a path to remove the pressure while maintaining the high-Tc superconductivity
without pressure. We have recently demonstrated such a possibility by pressure-quench (PQ) at a
specific pressure (PQ) and temperature (TQ) with certain metastabilities associated with the
superconducting state in high-temperature superconducting FeSe and non-superconducting Cudoped FeSe. The results have been reported recently in PNAS [5]. In this brief communication, we
shall highlight the promises and challenges of the pressure-quench process (PQP) that we have
developed and adopted for our study. To perfect the PQP, further development and modifications
are definitely in order. Any suggestions are welcome and appreciated.
I.

The pressure-quench process (PQP)

The basic principle of our PQP is based on the well-known quenching techniques of rapidly
varying the pressure or temperature of a material, which are widely used in material processing to
stabilize the metastable states with chosen properties. It has been shown that most of the alloys
used in industrial applications are actually metastable at room temperature and atmospheric
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pressure [6]. These metastable phases possess desired and/or enhanced properties that their stable
counterparts lack. Examples include diamond and other super-hard materials, heavily doped
semiconducting materials, certain 3D-printed materials, highly polymeric materials, black
phosphorus, etc. They are metastable because they are kinetically stable but thermodynamically
not and are protected only by an energy barrier. By taking advantage of such energy barriers, lattice
and/or electronic, one may therefore be able to stabilize the metastable phase or the “supercooled”
state at atmospheric pressure via PQ and/or temperature-quench (TQ). The energy barrier may be
modified by chemical doping; ionic liquid gating [7]; a selected thermodynamic path; or
introduction of strains [8], defects [9], or pressure inhomogeneity [10].
II.

To retain at ambient the desired pressure-enhanced or -induced high Tc phases

The pressure-enhanced or -induced superconducting phase with a high Tc in a superconductor or
a non-superconductor may be considered metastable or “supercooled” and may be retained at
ambient following a certain thermodynamic path. The retention of the metastable state with a
desired Tc at ambient (or without pressure) has been demonstrated by us [5, 11] by deploying our
PQP in non-superconducting elements Sb and Bi, superconducting FeSe, and non-superconducting
Cu-doped FeSe at specific PQs and TQs following sequential steps (Fig. 1): 1. determine the
dependence of Tc on the applied pressure PA, Tc(PA); 2. select the high-pressure superconducting
phase with a specific Tc from Tc(PA) to be retained at ambient; 3. apply a pressure PA to the material
to generate the selected superconducting phase; 4. PQ the selected superconducting phase by
rapidly reducing PA (also known as PQ) at a TQ to close to ambient with a negligible residual value
(~0.2 GPa) to maintain the integrity of the electrical leads for characterization; 5. cool the PQ
sample immediately to 4.2 K to avoid
possible destruction of the PQed phase by
Determine Tc(P) phase relation
thermal excitation before characterization;
6. measure the sample resistance on
Select a target phase at PA for PQ
warming from 4.2 K until the
superconducting transition is completed to
ascertain that the selected high-pressure
Measure R(T) under PA to confirm the phase selected
superconducting phase has been achieved
at ambient via PQP and at a much higher Tc
than that before being PQed; and 7. further
Pressure-quench at PQ (= PA) and TQ
test whether the PQed superconducting
phase is indeed the metastable phase PQed
by warming the sample to 300 K (or to
Measure Tc of the retained phase
higher temperature for RTS) and
confirming that it no longer displays the
high Tc transition.
Check stability as a function of time and of temperature
Figures 2 and 3 display selected resistivity
and stability results for the FeSe and Cudoped FeSe single crystals, demonstrating

Fig. 1 The sequential PQP steps to obtain, test, and
characterize the high Tc phase without pressure.
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Fig. 2 For (a) FeSe and (b) Cu-doped FeSe, creation of the superconducting phases: Tc (blue squares) at
different PAs; and PQ of the selected superconducting phases: Tc (red circles) at ambient after being PQed
at 4.2 K and different PQs and Tc (green diamonds) at ambient after being PQed at 77 K and different PQs.
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Fig. 3 Temperature dependence of R/R(50 K) to demonstrate (a) the temperature metastability of the
PQed phase in the Cu-doped FeSe single crystal: induction of superconductivity (blue) at 6.16 GPa;
retention of superconductivity (red) at ambient after being PQed at 6.16 GPa and 77 K; and disappearance
of superconductivity above 300 K (green) at ambient after being PQed and warming to 300 K, and (b) the
temporal stability of the Cu-doped FeSe single crystal PQed at PQ = 6.67 GPa and TQ = 77 K.

the possibility of retention at ambient of the high-pressure–enhanced superconducting phase and
its temperature and temporal stabilities.
III. The promises of PQP for HTS and RTS
It is well-known that superconductivity has played a prominent role in the development of science
and technology in the past 110 years. When fully developed, its impact on the energy-thirsty
society of today and tomorrow could not be overstated. Until recently, the failure to ubiquitously
deploy the almighty superconductivity technology has mainly been due to the temperature barrier,
i.e., one requires the help of the cumbersome and energy-consuming cryogenics to reach the
operational temperature below the Tc of the device. The higher Tc of HTS under pressure and the
reported Tc ~ 300 K in a RTS hydride appear to have alleviated or even removed the burden
3

IEEE CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2021.

imposed by the temperature barrier but only, unfortunately, with an even more formidable barrier,
e.g. ultrahigh pressure of 267 GPa. Such a pressure barrier and the diamond cell needed to generate
the required high pressure make a thorough investigation of the superconducting state using the
well-developed powerful techniques extremely difficult and make practical applications of the
materials impossible. The successful demonstration of PQP to retain the high-pressure-enhanced
and/or -induced phase provides great hope to achieve the room-temperature superconducting state
in hydrides and possibly other compounds without pressure for scientific study and practical
applications, as suggested previously in IEEE CSC & ESAS SNF [12].
IV. The Challenges of PQP
While we have demonstrated that the high-pressure-induced and/or -enhanced high Tc can be
retained by the PQP without pressure in HTS FeSe, consistent with our preliminary theoretical
analyses, and, by extension, possibly in the RTS hydrides, showing the potential realization of the
great long-term dream of HTS and RTS, many challenges remain. To develop a practical RTS
technology, one must understand the detailed states and the micro- and macro-scale physical and
chemical structures of the PQed phase at different temperatures and even at different pressures. At
present, we have only demonstrated resistively the existence of the PQed superconducting phase.
The current PQ rig, the sequential PQ steps, and the thermal stability of the PQed phase pose
serious restrictions on the direct use of the well-developed tools for detailed characterization of
the PQed sample at ambient. For example, we have developed a mini-diamond anvil cell for dc
and ac magnetization measurement of small samples [13]. However, the PQP steps involving in
situ pressure changes are not compatible with our current magnetization technique and this is
equally true for angle-resolved photoemission spectroscopy (ARPES) and other techniques, all of
which are important for determining the states of the PQed phase. Modifications of the PQ rig and
PQP are clearly in order and should be guided by better understanding of the interplay between
the PQed phase and TQ and PQ. The control of the current PQP, such as rate of pressure release,
sample recovery, etc., needs to be quantified. TQ and PQ may also be modified by chemical and/or
physical doping. Micro-structures induced by PQP may play an important role in the Tc of the
PQed materials. Numerical simulations concerning the metastabilities of the compounds will also
help in the selection of optimal materials, PQ, and TQ.
Although the small amount of material generated by the PQP in a diamond cell satisfies most
scientific research needs, for industrial applications, we envision that the required quantity may
be achieved by implosion or shockwave. PQP was used for superconducting materials in this
first demonstration, but its use can be extended to a wide range of non-superconducting
materials of great industrial value once some of the challenges mentioned above are met.
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