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A many-body system in the vicinity of a first-order phase transition may get
trapped in a local minimum of the free energy landscape. These so-called false-
vacuum states may survive for exceedingly long times if the barrier for their
decay is high enough. The rich phase diagram obtained in graphene multilayer
devices presents a unique opportunity to explore transient superconductivity
on top of a correlated false vacuum. Specifically, we consider superconductors
which are terminated by an apparent first-order phase transition to a corre-
lated phase with different symmetry. We propose that quenching across this
transition leads to a non-equilibrium ephemeral superconductor, readily
detectable using straightforward transport measurements. Moreover, the
transient superconductor also generically enhances the false vacuum lifetime,
potentially by orders of magnitude. In several scenarios, the complimentary
effect takes place as well: superconductivity is temporarily emboldened in the
false vacuum, albeit ultimately decaying. We demonstrate the applicability of
these claims for different instances of superconductivity terminated by a first
order transition in rhombohedral graphene. The obtained decay timescales
position this class of materials as a promising playground to unambiguously

realize and measure non-equilibrium superconductivity.

Phase transitions in many-body correlated systems may often be suc-
cinctly described by an appropriate classical or quantum field theory'?.
The equilibrium many-body ground state is identified by the global
minimum of the free energy associated with this description. However,
other locally stable minima may exist, albeit with a higher energy
density.

These minima act as the “false-vacuum” (FV) of the system and
may be long-lived due to their metastable nature. A system can
generically get trapped in the FV state when it is quenched through
a first-order phase transition. Supercooling and superheating of
water are well-known classical examples of this phenomenon?®, yet
quantum systems such as spin chains**, superconducting wires’,
and atomic superfluids® have been show to exhibit metastable
phases and FV decay. Further, the FV concept itself has originated
in the context of cosmology, where it may have truly dire
implications®™".

Inrecent years, graphene multilayers have emerged as an exciting
platform with a high degree of tunability to study correlated electron
phenomena, topological phases, unusual superconductivity, and their
interplay>*. A recurring theme in these systems is the peculiar vicinity
of the superconducting phases to symmetry-breaking phase transi-
tions. In several cases, the superconducting dome itself is terminated
by an abrupt transition where the Fermi surface undergoes significant
reconstruction?2*2¢-2830353¢ ‘which in some instances is strongly indi-
cative of a first-order phase transition®>’. Recently, similar phenom-
enology was observed in twisted bilayer WSe,, where hysteretic
behavior was observed at the boundary between superconductivity
and a correlated phase®.

In this work, we propose these materials as a platform for realizing
and exploring out-of-equilibrium superconductivity, which exists as a
metastable phase on top of the FV manifold of the symmetry-
broken phase.
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This extraordinary non-equilibrium metastable state arises in the
vicinity of the true vacuum symmetry-broken phase. A useful heuristic
of the sort of scenarios we discuss is presented in Fig. 1. In this generic
phase diagram, superconductivity and a correlated phase are in close
proximity, separated by a first-order transition line. Specifically, we are
interested in cases where the correlated phase preempts super-
conductivity and overtakes it. Thus, after a sudden quench from the
superconducting phase across the transition (black arrow in Fig. 1),
there exists a possibility of a long-lived transient superconductor,
realized on top of the FV. Alternatively, we also consider quenching
from a parent normal phase directly into the suppressed super-
conductor through a first-order transition (green arrow). Such a pro-
tocol may allow one to reveal buried underlying superconductivity in
such systems, masked by competing phases.

We underline the regimes where FV superconductivity are most
relevant and experimentally accessible. This is accomplished by com-
bining microscopic calculations for two candidate materials, rhom-
bohedral trilayer graphene (RTG) and Bernal-stacked bilayer graphene
(BBG), and a field theoretical description of the FV decay phenomena.
We estimate the expected lifetimes of the ephemeral superconductors
to be of the order of -100 nanoseconds, enabling straightforward
detection methods relying on time-resolved transport measurements.
Remarkably, the unusual presence of superconductivity in the FV state
is what enables such simplified detection schemes in a solid-state set-
ting. Superconductivity provides an unambiguous transport signal - a
delay between a current driven through the system and the appear-
ance of a voltage drop.

Furthermore, we show that the incompatibility between the cor-
related symmetry-broken phase and the superconductor non-trivially

@ (
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Fig. 1| Schematic equilibrium phase diagram hosting ephemeral super-
conductivity. a As a function of tuning parameters (x, y) a superconducting region
exists (SC, blue), surrounded by a parent “normal” state (PM, white) and a
symmetry-broken correlated phase (red). The correlated phase suppresses an
otherwise superconducting region in parameter space (hatched red-blue). Here, we
consider a quench across a first-order transition boundary to the FV super-
conductor, either directly from an equilibrium superconducting phase (black
arrow) or from the normal state (green arrow). b lllustration of the energy land-
scape as a function of the two order parameters ¢, ¥ across the transition. In the
equilibrium superconducting phase (left) ¥ is condensed (blue ellipse). Following
the quench (black arrow), the new equilibrium state has ¢ condensation and zero
superconductivity. The ephemeral superconductor (empty ellipse) has a finite
lifetime of ~ Tqecay before decaying to the true vacuum (via the dashed line
trajectory).

enhances the stability of the FV and its lifetime. As we show, this is a
generic feature in scenarios where a subordinate phase develops on
top of a “primary” false vacuum. This may be understood as a result of
the magnification of the surface tension between the true and false
vacuum states of the system. The strength of surface tension plays a
major role in determining the energetics of the FV decay.

Interestingly, the FV superconductivity may actually survive at
higher temperatures compared to its equilibrium counterpart on the
other side of the transition. This transient enhancement of super-
conductivity comes at the cost of incurring a finite lifetime. Gener-
ically, what drives the symmetry-breaking transition which terminates
the superconductor is the density of states (DOS) near the Fermi level
v. Clearly, it is also an important factor in the determination of the
superconducting properties. For example, conventionally the super-
conducting transition temperature T, « exp(—2Z) (u is the pairing
strength). For weak-coupling superconductors, uv <1, T, is especially
sensitive to v. In the FV, the superconductor temporarily experiences a
higher DOS while the correlated phase is suppressed. This facilitates
favorable superconducting properties, potentially beyond those
available at equilibrium under similar conditions.

Results

False vacuum decay

We consider scenarios where as a function of some tuning parameter, r
(which can be a magnetic field, an electric displacement field, pressure,
etc.), a system undergoes a first-order phase transition with an order
parameter ¢. Within this ¢-ordered phase, it is further assumed that
the disordered (e.g., paramagnetic) phase remains a metastable local
minimum of the effective free energy.

Let us also examine the consequences of an additional phase, with
order parameter W, which (i) also condenses in the vicinity of the ¢
phase transition, and (ii) is incompatible with the ¢ phase. Generally,
we will be interested in the case where the energy scales associated
with ¢ dominate over those of ¥, and the ¢ order is the equilibrium
ground state, and the so-called “true vacuum”.

The scenario we describe above may be captured by the following
Ginzburg-Landau free energy functional,

F= [ &[5 veP+1650°@ - 1? - 5g?|
. f dzx[gwwz—@wﬁﬁwﬂ M

+/§1/ d*x|w P2,

Clearly, the first-order transition is governed by the parameter
denoted as B. When B<0, ¢ =0 (the paramagnetic phase where the
spontaneous ordering of ¢ does not yet occur) minimizes the free
energy in the absence of W. At B = 0, the minima at ¢=0, 1 are
degenerate, and the ordered phase takes over at B>0, where ¢p=1
becomes the global minimum. In the metastable regime B <B.=16g,
there exists a finite energy barrier between the two minima, whose
strength is g right at the transition. The stiffness o gives rise to a surface
tension between domains of =0 and ¢ =1,

[
Jo= / do 20V, )

where V(¢)=16g¢?*(¢ — 1> — B¢?, and ¢~ is the maximal ¢ for which
V(¢)>0. The correlation length is calculated by optimizing the energy

of a domain-wall for B=0 (See Supplementary Section S1), §, = \/%.
In the second part of F, a(r) is associated with the second-order
transition. When a > 0, the decoupled uniform solution is |¥| =W, \/%.
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Fig. 2 | Critical droplet formation and analysis. a Illustration of a bubble of the
true vacuum phase ¢ (e.g., ferromagnet) within a metastable bulk W phase

(superconductor). Due to the incompatibility of the phases, there exists a narrow
“corona” where W is first suppressed, and only then ¢ is established. b Schematic

(b) Egaroplet

Ebarrier ,,,,,,,,,,,,, :

dependence of the bubble energy on its radius. Due to surface tension contribu-
tions, the droplet energy first increases with R, before eventually trending towards
expansion. The critical radius R, as well as the threshold energy Eresh., are
indicated.

Here the appropriate correlation (coherence) length is §y = \/k/(2a),
and the surface tension is Jy = %Ew f{—z. Finally, A>0 couples the two

sectors, and precludes ¢-W order coexistence when it is sufficiently
large as compared to the energy densities g and a.

We consider the system described by Eq. (1), initialized to the
ordered (superconducting) ¥, phase, yet tuned to metastability, a> 0
and 0<B<B.. The true vacuum is ¢ =1, yet the initial state of the
system s a locally stable minimum of the free energy. We schematically
evaluate the characteristic time necessary for the system to decay to
the true vacuum, adapting the methods developed by Langer* and
Colemarn’.

Neglecting quantum fluctuations (whose role we later discuss),
relaxation is facilitated by thermal fluctuations of ¢ droplets (or
“bounces™) within the W bulk, see illustration in Fig. 2a. The energy of a
droplet with radius R may be evaluated in the so-called thin-wall limit
(R> &) by refs. 1,9

"sztrue - ’T(R+ 6R)2fmeta
+ 21RJ, +2M(R+6R)y,

E droplet

3

where fiue==B, fmea= — & and 6R~ (€¢ +&y)/2, due to the
necessary suppression of the W preceding the ¢ droplet formation.
The droplet experiences an effective force o 0Fgropie/OR, pushing it
towards either expansion or collapse, thus determining its fate. Thus,
the droplet energy threshold, i.e., the droplet energy at which it would
tend to overtake the system, will be given by

Eihresh. = Edroplet (Rc) ’ 4)

and

-/zp +-Illl - 6Rfmeta
R =" ———"—"—, 5)
¢ fmeta *ftrue

determined by O yqpie/ORIg, =0 (Fig. 2b). The expression for R.
accounts for two effects, which are solely due to the orderedWphase, on
top of the FV.

First, the denominator in Eq. (5) is made smaller by the presence
of the finite condensation energy of W. In our regime of interest, as we
discuss below, one usually finds |fue/>|fmetal. @and this effect is of
vanishing importance.

Second, the additional /i in the numerator, associated with the
surface tension of the secondary (superconducting) phase, is reason-
ably expected to be rather small compared to J,, the surface tension
contribution of the dominant correlated order, yet not negligible. This
is because the surface tension is roughly proportional to the product

of the correlation length and the energy scale associated with the
ordered phase. While the latter might be much bigger for ¢ as com-
pared to W, this difference is usually somewhat compensated by the
ration of correlation lengths, §y> ¢, In the regime where the
denominator effect is negligible, one may approximate the threshold
droplet radius R, mj,,,/B%chq,/j‘p), where c is an order-1 numerical
factor which depends on microscopic details. As we demonstrate for
the particular systems we consider below, this mechanism indeed
facilitates a more stable false vacuum in the presence of the secondary
W phase, which in our case is a superconductor.

Our analysis utilizes the classical Ginzburg-Landau functional,
Eq. (1), producing a free-energy barrier towards nucleation and even-
tual FV decay. Let us discuss the role of quantum fluctuations on the
phenomenon described here. In the zero temperature limit,
B=4— oo, any finite energy barrier completely annihilates decay
through thermal fluctuations. However, fluctuations due to the quan-
tum nature of the ¢ field may overcome this limitation.

Setting aside W for a moment, one interprets the ¢ part of
Eq. (1) as the classical limit of the imaginary-time action
Sp= fg dr [ dx [’5’ (6,¢)2+ 2|Vp|* + V()|. This corresponds to the
imaginary-time path integral partition function Z= [ Dge=5. In the
p > « limit, variations along the r dimension are suppressed, and one
recovers the classical limit (with a prefactor of B replacing [dr
integration).

Performing similar nucleation calculus in Euclidean space-time
(see Supplementary Section S1), one finds a temperature scale, Tq,
below which the quantum decay pathway is dominant,

3 B€¢ -1

TQ= QE% y

(6)

with 7, = é. We stress that below T, the FV phenomenon persists,
yet the lifespan of the metastable phase saturates and remains roughly
the same as the temperature is lowered further.

Notably, at any finite temperature, a small enough bias B exists
such that the quantum decay is much less efficient. The reason for this
dependence on the bias B stems from the effective higher dimension
of the quantum problem, where the surface of the droplet is
d-dimensional, whereas classically, it is (d — 1)-dimensional. As a con-
sequence (see Supplementary Section S1), the threshold energy scales
as B? in the quantum case (B"“ classically). Thus, when the bias
between the false and true vacuum is small enough, the quantum
decay pathway is highly disfavored. Without loss of generality, we
henceforth assume this is the case for our detailed microscopic ana-
lysis below.

Another interesting possibility occurs in an intermediate tem-
perature regime, where quantum behavior dominates the ¢ sector, yet
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W (now introduced back in our discussion), remains effectively clas-
sical due to its much longer correlation time 7y. The relevant tem-
perature regime is ;—i < T/Tq <1 Heuristically, it takes considerably
lower temperatures (as compared to Ty) to saturate the effects of the
¥ field redistribution energetics.

This regime thus enables further enhancement of the FV stability
by the competing sub-leading order, as discussed in Supplementary
Section S1. Once more, this enhancement takes place even if the dis-
crepancy between fi e and fiera is of orders of magnitude, due to
combination of the correlation length effect {y > &, (already discussed
above) and a « T/T prefactor to the relative W contribution. Thus, the
lower the temperature in this regime, the larger the FV lifetime
enhancement becomes due to the ordering competition.

Realization in graphene multilayers
We consider first-order phase boundaries observed in both BBG and
RTG separating correlated symmetry-broken phases and super-
conductivity, either incipient or fully formed. In all cases, we follow the
same methodology allowing us to extract the relevant energy densities
and surface tensions.

We begin with a Hamiltonian of the form

H=Ho+Hig, )
where H, describes the appropriate band structure and H;, = %
Y -qPqP—q is the electron-electron interaction, which we take as short-
range for simplicity (pq is the momentum-q component of the density
in the relevant band, U, is the interaction strength, and Q is the system
area). At a given density n.,, we compute the free energy as a function
of the relevant order parameter ¢,

F(¢) = <H> HF, (lP, ”tot) - <H>HF' (0' ”mt)' (8)

where ()ur, g, ) is the Hartree-Fock expectation value for ¢ =¢ at fixed
density n. We use the zero-temperature expression, as the temperature
is assumed to be far below the ¢ phase transition. Contributions to
Eq. (8) due to fluctuations around the mean-field solution, as well as
due to other competing instabilities are beyond the current scope of
this work.

As the energy scales associated with the order parameter jumps
are comparable to the Fermi energy (see below) we will approximate
the correlation length as the inter-particle separation, i.e., §, ~ nt’olt/ 2,
The stiffness is thus approximated by o ~ SféF*, with the barrier
height F* = max F(¢ € [0, ¢,)]). ¢o is the global minima of F, and we
approximate B~ —F (¢).

In the normal state, we evaluate two crucial quantities regarding
superconductivity. Namely, the critical temperature T, and the
superconducting condensation energy, playing the role of a/(4b) in
our discussion above, Eq. (1). The superconducting coherence length is
taken as a phenomenological parameter from experiments and
assumed to scale with T, in the conventional manner. The details of our
superconducting calculations are presented in Supplementary Section
S2, where we use general considerations and avoid making assump-
tions on the origin of the pairing glue. Moreover, we refrain from
pinpointing the exact mechanisms by which the transition into the
correlated phase extinguishes superconductivity and keep our dis-
cussion as general as possible. (In Supplementary Section S3 we dis-
cuss a curious scenario where the transition suppresses the
superconducting phase through a combination of substantial DOS
reconstruction and retardation effects.)

Intervalley coherence in rhombohedral trilayer graphene (RTG). A
promising candidate to observe the phenomenon introduced here is
the superconductor region denoted as SC1 in ref. 26. Its boundary in
the ng—D plane (where D is the perpendicular displacement field)
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Fig. 3 | Ephemeral superconductivity near an IVC transition in RTG. a Free
energy landscape for the IVC phase transition in RTG as a function of displacement
field. A metastable regime is visible, where a free energy barrier separates an
ordered minimum from the normal state. The fixed density is indicated. Inset:
horizontal cut corresponding to the dashed black line in the main panel. The left and
right circles are schematics of the Fermi surface in the normal and IVC phases,
respectively. b The decay threshold energy in the vicinity of the transition (blue).
The dashed purple line corresponds to the result in the absence of the super-
conductor. Inset: comparison of the surface tension contributions from the
superconducting and IVC phases. The parameters used: T=30 mK Uc= 1.46 €V nm?,
Zare. =0.21eV nm?, w'=0.5meV.

coincides with a transition to a symmetry-broken correlated phase,
which appears to be first-order’*”. Though the nature of the corre-
lated phase terminating SC1 has not been confirmed, it is somewhat
constrained. The lack of spin and orbital ferromagnetism suggests
either spin-valley locking, an intervalley-coherent phase (IVC), or a
combination thereof. Theoretical studies have shown the IVC to be
robust and ubiquitous throughout the phase diagram*>*, steering our
focus to the IVC case for simplicity.

In Fig. 3a we plot the Hartree-Fock energy landscape as a function
of the IVC order parameter and displacement field. Moving from low to
high fields, one clearly observes a region of metastability: the global
minimum is at -3 meV, whilst the normal state remains locally stable.
At high enough values of D, the normal state finally becomes unstable.
We note in passing that in our Hartree-Fock calculations a similar
region of metastability occurs when the displacement field as kept
constant and the total density is varied, see Supplementary Section S3.

Next, we compute the false-vacuum decay threshold, shown in
Fig. 3b. As expected, close to the transition point it diverges due to a
vanishing energy difference between the FV and the true vacuum,
driving the critical droplet size increasingly larger [Eq. (5)]. Notably,
the threshold for decay becomes much smaller when the FV state is not
superconducting, due to the surface tension contribution of the
superconductor. As shown in the inset, the relative strength of Jy
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increases, signaling two effects. The first is a decrease in the ordered
phase surface tension J, [Eq. (2)] as the bias between the true and false
vacuum increases. The second is a result of enhanced supercondu-
ctingT,, owing to an enhancement of DOS near the Fermi level as one
moves deeper into the ordered state.

We now turn to estimate the lifetime of this false vacuum,

Tiecay ™~ ‘[Oeﬂfthresh~, 9)

where T, is the much debated’"° fluctuation time-scale prefactor. For
simplicity, we take the worst-case-scenario, and estimate it as the time
two electrons separated by a correlation length can “know about each
other”, 7o = ,/up =107 sec. Taking a reasonable SE hresh. ~ 15-20 leads
to time scales Tgeq,y ~ O(100 nsec — 10 u sec). For practical reasons, it
is clear that Tqecay should far exceed the timescale over which the
quench in the external parameter is realized. For the displacement
field, the relevant timescale is the so-called RC charging time 7gc
associated with the dual-gate geometry. Using realistic device
parameters, we estimate 7p-<0.lnsec, orders of magnitude shorter
than 7qecay. We note that the estimated decay lifetime (9) assumes a
single-droplet picture, neglecting intriguing possibilities of multi-
droplet false vacuum decay and true vacuum percolation. This
assumption is justified in the cases discussed here, where character-
istic device sizes on the ~um scale and are comparable to the typical
size of the critical droplet R. in the vicinity of the transition (see
Supplementary Section S3).

(a) 1.03
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Fig. 4 | Ephemeral superconductivity near a Stoner transition in BBG. a Free
energy landscape for the Stoner phase transition in BBG as a function of dis-
placement field (the fixed density is indicated). Approaching the transition from the
high D side, a metastable regime is reached. Inset: horizontal cut corresponding to
the dashed black line in the main panel. b Occupation probability of the false
vacuum superconductor evolving in time [Eq. (10)]. The system is initially in the FV
paramagnetic state (PM), and superconductivity develops atop the metastable FV
(SC), followed by an eventual decay to the equilibrium ferromagnet (FM). The
characteristic superconductor formation time yuf‘l and decay time are indicated by
horizontal red and yellow lines, respectively. The parameters used: 7=30 mK,
Uc=1.8eV nnr, Zuee. = 0.265 eV nm?, @ =0.5meV, tyecay/To = €%, V' /To = €5,

yqjl =100 psec.

Stoner blockade in Bernal bilayer graphene (BBG). The phase dia-
gram of BBG has been shown to host a multitude of sharp phase
transitions, as well as superconductivity in the presence of either anin-
plane magnetic field or proximity to WSe,”***’. The phenomenology is
suggestive of a vicinity of a superconductive phase in the absence of
these two perturbations, where the formation of a competing corre-
lated phase suppresses it refs. 44,45. We consider an alternative route
to circumvent the presumed correlated phase, by quenching across
the transition.

We focus on the vicinity of the magnetic-field-induced super-
conducting regime, where phenomenology is consistent with a four-
fold to twofold degenerate Stoner transition. The Hartree-Fock free
energy as a function of the polarization order parameter is shown in
Fig. 4a. A metastable regime is clearly developed near the transition.
The normal-state energetic are quite similar to those obtained for the
RTG case, and lead to similar energy threshold, even when accounting
for a lower T, of the superconductor observed in experiments (see
Supplementary Section S3).

There is a notable difference in this case compared to the RTG
scenario above. Here, the system is in the normal state after the
quench. It decays to the correlated phase with the characteristic Tyecay,
yet superconductivity may form more rapidly, as it does not need to
overcome an energy barrier. We estimate the superconductor forma-
tion rate as yg ~ A, i.e., roughly proportional to the equilibrium
superconducting gap*®*’. Combining the decay rate y = Tgelcay, Vg, and
the decay rate in the absence of superconductivity yo, we may
approximate the probability of the system being in the super-
conducting false vacuum (Supplementary Section S3),

Pratse(£) = Yo 1- e*(Vw +Vo*)’)l‘] e 10)

Yo TVo—V

As demonstrated in Fig. 4b, at early times superconductivity builds up
at a rate ~ yy, to some finite fraction and decays at long times at the
rate y. Our calculations indicate superconductivity should remain
visible up to 0(100) nsec timescales.

In principle, for the specific scenario described in this section,
where the system is quenched rapidly through a superconducting
phase transition, one should take into account the formation of
topological defects (vortices) due to the Kibble-Zurek mechanism*$+°,
Physically, one expects that following the quench, independently
coherent domains of size -§y form, and coalesce at a time-scale
1o ~m/(8IT, — T|)71 ***'the Ginzburg-Landau relaxation time™. We
note that 7 is of the same order of y&,l. The relaxation dynamics of
these defects, as well as oscillations in the order parameter
magnitude*® are presumed to play a secondary role and are thus
beyond the current scope of this work.

Detecting ephemeral superconductivity
Thus far we have demonstrated the stabilization of the false vacuum by
superconductivity, as well as the potential enhancement of the
superconducting state in the metastable regime. We now explore
another intriguing consequence of the physics studied in this work.
Namely, the superconducting nature of the false vacuum makes the
phenomenon readily accessible to transport measurements.
Consider an experimental setup similar to the one pioneered in
ref. 53, depicted in the inset of Fig. 5. The tuning parameter in the
system, e.g., displacement field, is quenched from time - tquench tO
t=0. At t=0 a current pulse is fed to the device, and the transient
voltage response is recorded. At a time ¢ =t4cl1ay VOltage drop is even-
tually observed. originally, the experiment was tailored to measure the
relaxation time of equilibrium superconductors, and thus no signal
would appear if the amplitude of the current pulse is less than the
superconducting critical current /.. Here, the situation is made sig-
nificantly richer by the decay of superconductivity itself.
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Fig. 5 | Measuring the order parameter relaxation dynamics. a A control para-
meter, e.g., D is quenched through the first-order phase transition (top). The
quench duration is fguench, and it ends at £=0, at which time a current is driven
through the system, and the time-resolved voltage signal is measured (bottom).

(b)

taelay /TGL
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b Calculations of the order parameter relaxation, performed by integrating Eq. (11)
over time. Each curve is terminated at small currents at a value /= /0 ,:i:y, where
we expect our simplified treatment to no longer be a good approximation (Sup-
plementary Section S4).

Under some simple yet reasonable assumptions (see Supple-
mentary Section $4), we find the delay as the time at which f(¢ 4j,y) =0,
with the initial conditions f(0) =1, where f obeys the time evolution,

2 4

11
7 h)

T 0f = — 2t/ Taecay <i> +f (1 _f2> )
IC

In Fig. 5 we demonstrate the dependence of the voltage signal

delay time on the amplitude of the injected current. If the false vacuum

state is stable enough, a noticeable uptick in the delay is made clearly

visible for currents slightly below the equilibrium critical values. At

relatively small values of the probe current, the expected delay is of the
same order as the false-vacuum decay time Tgecay-

Discussion

Ephemeral superconductivity is a fascinating non-equilibrium state of
matter, which is yet to be fully clarified>***. Here, we explore an
unusual striking phenomenon: Superconductivity developing on top
of a correlated false-vacuum manifold. In contrast with previous sce-
narios where superconductivity is terminated by a first-order phase
transition®®®, the transient superconductor is temporarily protected
by the correlated FV. Furthermore, the FV can facilitate the formation
of a superconductor followed bu its decay (Fig. 4b), in otherwise
superconductivity-excluded areas of the equilibrium phase diagram.
The proposed non-equilibrium superconductor is incompatible with
the true many-body ground state of the system and is thus ephemeral
albeit metastable.

We elucidated how this FV superconductor can remarkably and
significantly enhance the false-vacuum lifespan, possibly by a few
orders of magnitude. This enhancement occurs even if the super-
conducting condensation energy is negligible as compared to that of
the correlated true vacuum, as we demonstrated by utilizing a general
phenomenological framework [Eq. (1)]. This unique effect is rooted in a
notable surface tension contribution of the superconductor to the
nucleation of critical threshold droplets, which facilitates the
decay’*'. The prospect of FV stabilization by a generic secondary
order, which is adversarial to the corresponding true vacuum, is left for
future work, as well as a broader view of quantum effects and the
hybrid quantum-classical regime.

We demonstrated how the ephemeral superconducting state can
be realized in multilayer graphene devices. These systems ubiquitously
show the coexistence of superconducting regions in the phase dia-
gram, and apparent first-order phase transitions to correlated
symmetry-broken phases®***%, On occasions, these transitions actu-
ally terminate the superconducting dome, making such devices an
ideal platform to explore the intertwined false-vacuum physics. Com-
bining Hartree-Fock calculations for the symmetry-broken transition

energetics, theory of the superconductivity transition, and phenom-
enology obtained from experiments, we estimate the relevant FV life-
time for observing the FV decay to be 20(100 nsec), rendering the
decay process as much slower as compared to recently observed
transient superconducting phenomena®%>,

Another intriguing prospect in these graphene systems is that
competition with a correlated phase transition arguably under-
mines the potential equilibrium superconducting orders. (This is
reminiscent of the competing phases in high-T¢ superconductors,
e.g., ref. 66.) The multilayer graphene superconductors were
observed to be stabilized by some perturbations, e.g., magnetic
fields or proximity to a non-trivial substrate. However, we have
pointed out a different route for bringing these low-lying super-
conductors to light: transiently suppressing the symmetry-broken
state by quenching the system through the first-order transition.
The motivation for such a process to be feasible is simple. The same
factor that participates in driving the transitions, the DOS near the
Fermi energy, is the one that is expected to enhance super-
conductivity when given the chance (see related discussion in
refs. 45,67).

An important consequence of ephemeral superconductivity
“dressing” the metastable false vacuum is that direct experimental
detection of its decay becomes simple and experimentally acces-
sible. The long time scales for the superconducting life-times
mentioned above are, in fact, conducive to straightforward trans-
port measurements. Resolution of -1 nsec in the voltage-delay
experimental scheme we detail in Sec. can readily be obtained.
Tracking the temporal signal due to the decay of the super-
conductor and, as a consequence, the establishment of the equi-
librium ground-state may be achieved in these graphene systems
(as well as in another candidate system, twisted WSe,*°), without
the need of sophisticated light-based apparatus. Moreover, con-
clusive transport signatures of the kind we discussed obviate many
of the ambiguities associated with photo-measurements of non-
equilibrium superconductors®. These facts, along with the ability
to electrically tune them across the phase diagram, make highly
correlated multilayer graphene devices ideal playgrounds for
manipulating and probing the false-vacuum decay in the context of
solid-state systems.

Data availability
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