PHYSICAL REVIEW LETTERS 126, 215301 (2021)

Editors' Suggestion
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We examine the discontinuous first-order superfluid *He A to B transition in the vicinity of the
polycritical point (2.232 mK and 21.22 bar). We find path-dependent transitions: cooling at fixed pressure
yields a well-defined transition line in the temperature-pressure plane, but this line can be reliably crossed
by depressurizing at nearly constant temperature after transiting 7. at a higher pressure. This path
dependence is not consistent with any of the standard B-phase nucleation mechanisms in the literature. This
symmetry breaking transition is a potential simulator for first order transitions in the early Universe.
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Superfluid *He is a condensed matter system with a
complex order parameter. Superfluidity onsets with the
condensation of pairs into a state with finite angular
momentum via a second order phase transition at a pressure
dependent transition temperature, 7, [1-5]. Pressure de-
pendent strong coupling favors the anisotropic A phase at
high pressures, while the isotropic B phase is the stable
phase below the T,z (P) line [6]. Under these conditions
the equilibrium phase diagram exhibits a polycritical point
(PCP) at which the line of first order transitions (7'4p)
intersects the line of second order transitions (7.) at
21.22 bar and 2.232 mK [Fig. 1(a)]. The transition between
the A and B phases is first order and thus subject to
hysteresis. At the PCP, the bulk free energies of A, B
superfluid phases and normal state are equal.

At high pressure the A phase supercools well below T4
and can be long lived [8]. A phase supercooling occurs
because any formation of a bubble of radius r of the B
phase (from the parent A phase) sets off the unusually large
interfacial energy (c r2) [9] against the small free energy
gain (ox —r*) [10] leading to a critical radius ~1 ym. The
extreme purity and low temperatures that limit thermal
fluctuations together with the barrier to homogeneous
nucleation lead to calculated lifetimes of the supercooled
A phase greater than the age of the Universe. The transition
has been the subject of extensive experimental investiga-
tions [8,11-20] (summarized briefly in Supplemental
Material Note 1 [21]) that have limited applicability to
the results in this Letter since they were performed in a
variety of magnetic fields and not focused on the PCP. The
A — B transition was also the subject of extensive theo-
retical investigations [29,34-40]. As Leggett has pointed
out [29,35,36], the nucleation mechanism of the B phase
“remains a mystery.” Its study represents a unique
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opportunity to gain fundamental insights and is potentially
relevant to phase transitions in the evolution of the early
Universe [41].

Here we study the nucleation of the B phase in a well
characterized isolated volume and in negligible magnetic
field (< 0.1 mT) near the PCP. In this region the free energy
landscape as a function of complex order parameter,
pressure and temperature is of particular interest. Over
the limited P, T phase space [box in Fig. 1(a)] we observe
both a reproducibility of B phase nucleation and an
unexpected path dependence.

Two mechanisms for nucleation of the B phase have
experimental support. The “baked-Alaska mechanism”
[29] requires local heating by deposition of energy follow-
ing passage of a cosmic ray or charged particle and was
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FIG. 1. (a) The phase diagram of He [6,7], showing the extent
of the equilibrium A phase (yellow), the B phase (green)
separated by the equilibrium 7,z line (green). Superfluidity
onsets at the 7', line (red). The region investigated here is within
the box centered on the polycritical point. (b) Schematic of cell.
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tested using quartz cells of roughness < 10 nm [8,42] in a
magnetic field of 28.3 mT. The A — B transition could be
induced by a nearby radioactive source, confirming aspects
of the mechanism. In the cosmological or Kibble-Zurek
scenario [19,37,38], small regions undergo phase
transitions that are “oriented” differently under quench
conditions (cooling through 7T.) [17,19,43]. When they
eventually coalesce, they produce a cosmic string, or its
equivalent in *He—a vortex line. Other, yet to be tested
models, cite Q balls [39] and resonant tunneling (RT) [40].
RT is an intrinsic nucleation mechanism, in which the
transition rate into the equilibrium B phase (true vacuum)
depends on the details of the order parameter landscape.
Under certain precise conditions of temperature and pres-
sure a nearby false vacuum facilitates the transition. Thus
the mechanism relies on the richness of the superfluid *He
18-dimensional order parameter, with multiple possible
states [44,45]. Furthermore some of these states have
degeneracies, which are broken by weak interactions, for
example, spin-orbit interaction. An example of this is the
spatially modulated B phase, stabilized by confinement
[46], which may explain the observed absence of super-
cooling in Ref. [47].

Our experiment consists of two chambers [Fig. 1(b)],
filled with bulk 3He separated by a D = 1.1 ym height
channel. The experimental setup and the associated thermal
parameters are described in detail in a previous publication
[30] (see also Supplemental Material, Note 2 [21]). The
A — B transition is observed in an isolated chamber (IC)
using a quartz tuning fork [48] whose resonant frequency f
and Q (quality factor, Q = f/Af with Af the full linewidth
at half power) are monitored continuously. The second
chamber (HEC) contains the silver heat exchanger, as well
as a second tuning fork. Nucleation of the B phase in the
HEC does not propagate into the IC, because the A phase is
stabilized in the channel by confinement [49] under all
conditions studied here. There are no sintered powders in
the IC to promote nucleation of the B phase but the surfaces
are not specially prepared. The experiment is located where
the magnetic field is < 0.1 mT, the *He pressure, P was
regulated to within the +0.01 bar using a room temperature
gauge (see Supplemental Material, Note 3 [21]).
Temperatures 7 were read off from a *He melting curve
thermometer [6] after correction for thermal gradients
(£ 15 uK [30]) and converted to the PLTS2000 temper-
ature scale [7] (Supplemental Material, Note 4 [21]). The
temperature 7 (read off from the melting curve thermom-
eter) and pressure P read off from a regulated pressure
gauge located in the room temperature gas handling system
accurately represent the 7', P coordinates in the IC and HEC
during all parts of the experiments (see Supplemental
Material, Note 3 [21]).

The measured Q of the IC fork while cooling (blue) and
warming (red) through 7', and the A — B (blue) or B - A
(red) transitions are shown in Fig. 2. The displacement of
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FIG. 2. The quality factor Q of the quartz fork in the isolated
chamber while cooling (solid blue squares) and warming (open
red circles) at 21.8 bar. Dashed lines mark the supercooled A — B
and B — A transitions.

the dashed lines in Fig. 2 illustrates supercooling via the
hysteresis of the first order A - B (B — A) phase tran-
sitions. We cooled to within 54K of the supercooled
transition at 22 bar and maintained the temperature within
5uK of that transition for a day and observed no A — B
transition, emphasizing the stability of the metastable A
phase close to the observed supercooled transition
temperature.

The P, T of the A — B supercooled phase transitions
while ramping temperature at < 10 yK/hr is shown in
Fig. 3(a) as left-pointing triangles with a heavy blue line
drawn to guide the eye. These points lie below the
equilibrium 745 line (light green) at zero magnetic field
[6] where the free energies of the A and B phases are equal.
The light green and heavy blue lines bound the supercooled
A phase (light yellow). We observed the A — B transition at
20.89 bar ~24 uK below 7', but no A — B transition was
seen at 20.88 bar (Supplemental Material, Note 5 [21]).
Thus we do not extend the blue line to 7',; instead, we draw
a gray dashed line at 20.88 bar. Clearly, the A phase is
reliably observed while cooling at constant pressure
through T, below the polycritical point; however, it does
not reappear on warming at these pressures. This confirms
that the magnetic field, which would otherwise stabilize a
thin sliver of the A phase, is negligible. The set of A - B
transitions observed in the HEC along with the transitions
shown here in the IC are briefly discussed in Supplemental
Material, Note 5 [21]; the presence of silver powder
significantly raises the temperature of A — B transitions.

To sample the A — B transition statistics, we increased
the drive voltage to the quartz fork in the IC (by 10x) for a
few hundred seconds, to warm the IC above 7. and then
cool back through 7. and T,_p as rapidly as possible
(~100 uK/hr at T,_p). Warming the IC above T, is
essential to prevent premature nucleation by persistent
pockets of B phase [20]. The Q following these pulses
is shown in Figs. 3(b),3(c) (see also Supplemental Material,
Note 5 [21]). The 3He in the channel is certainly in the A
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FIG. 3. (a) The red line marks the second-order phase transition
T.(P), from the normal liquid (blue) to the superfluid state. The
light green line T45(P), marks the limit of the equilibrium A
phase (dark yellow), where the B — A transition is seen on
warming. Blue, left-pointing triangles and the heavy blue line
(guide to the eye) bound the supercooled A phase (light yellow).
The gray dashed line at 20.88 bar shows the limit of the
supercooled A phase observed under slow constant pressure
cooling at < 10 uK/hr. A series of fast-cooled (~0.1 mK/hr)
transitions (Qus.. time) are shown at 21.0 (b) and 21.4 bar
(c) following heat pulses that carry the IC into the normal state.
The Q of slow supercooled transitions (see Fig. 2) are marked by
dotted gray lines. In (a) the arrows show trajectories of fast and
slow cooled transitions including at 21.1 bar. For the full set of
low pressure fast and slow cooled transitions and discussion of
the stability of the A phase below the PCP, see Supplemental
Material, Notes 5-7 [21].

phase before the IC cools through 7' [30,47,49,50] and the
3He in the HEC is in the B phase. In Fig. 3(b), the A — B
transition occurs in a very narrow interval of Q (and thus
T). The width of the distribution of T,_ 5 at 21.4 bar is
o = 3.6 uK, close to the slow cooled T4_, 5, and similarly
for 21.1 bar, 6 = 3.0 uK. At 21.0 bar, the fast cooled A —
B transitions were more broadly distributed (¢ = 6.0 uK).
The distributions are shown in Supplemental Material,
Note 5 [21]. Pulsed experiments at 20.95 and 20.90 bar
showed only a few A — B transitions with most pulsed
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FIG. 4. The path shown in dotted purple crossed the constant
pressure cooled supercooled transition line (heavy blue line) at
several points. Solid, dashed, and dot-dashed purple lines depict
paths followed, where cooling at constant pressure was followed
by depressurization. A — B transitions are denoted by purple
triangles.

transitions crossing directly from the normal to the B phase.
Slow cooled A — B transitions were seen at 20.95, 20.92,
20.90, and 20.89 bar. These various slow and fast cooled
transitions are shown in Supplemental Material, Note 5
[21]. The scatter in T,p and increase in width of the
distribution for fast cooled transitions at low pressures
argues for the onset of an instability of the A phase under
cooling at constant pressure from 7'.. The initiation of the A
phase while cooling at constant pressure through 7. below
the PCP is briefly discussed in Supplemental Material,
Note 6 [21]. Termination of this instability line away from
T., similar to a critical point (see Ref. [21]), is not
excluded.

Despite the sharpness of the (blue) instability line at
constant pressure, we now show that nucleation of the B
phase is path-dependent. We carried out a series of experi-
ments where we followed different trajectories in the P, T
plane (Fig. 4). It is clear that supercooling of A phase below
the instability line (in one case involving several crossings
of this line) is possible. Traversal of the gap between the
apparent termination of the instability line and 7. is also
possible. If the transition observed under constant pressure
cooling were due to an enhanced transition probability at
(or near) certain values of (P, T), then we should have
observed an A — B transition on crossing the T,_p
(P = Const.) line. We conclude that P, T are insufficient
to describe the probability of the change of state of the
system.

In another series of experiments we find an enhanced
region of supercooling (striped region in Fig. 5) if we
initially cool through 7. between 23 and 22 bar. This
cooling is followed by a trajectory (paths not shown) in
which we depressurize and cool slowly, all trajectories
crossing the blue instability line below 21.5 bar. The
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FIG. 5. Cyan lines, with differing symbols show paths from 22
to 21.3 bar, from 22 to 20.6 bar and from 21.3 to 20.6 bar, to
observe A — B transitions (blue triangles). A — B transitions
were also observed after cooling through 7' at 21.3 bar and then
pressurizing to 22 bar (pink and purple lines with differing
symbols), terminating in pink and purple triangles. A — B
transitions observed following depressurization (or pressuriza-
tion) retain memory of the pressure that 7. was traversed at since
they supercool deeper (or less) than their constant pressure cooled
counterparts. Supercooled A — B transitions (paths not shown)
that crossed through 7. at pressures between 23 and 22 bar, and
then cooled through the “blue line” below 21.5 bar, while
depressurizing are shown as downward pointing triangles along
a broad green line (guide to the eye).

supercooled A — B transitions occur along a reasonably
well-defined line in the P, T plane shown as a broad green
line in Fig. 5. This path-dependent enhancement of the
supercooled region suggests a memory of 7. at which the
normal-superfluid transition occurred. Such a memory or
path dependence is confirmed since undersupercooling
(albeit small) is seen after pressurization, (pink lines in
Fig. 5); similarly, depressurization following cooling at a
constant pressure results in greater supercooling (cyan
lines in Fig. 5) compared to cooling at constant pressure
through T to the same final pressure.

In summary, we have carried out a study of the
nucleation of the superfluid B phase of *He from the
supercooled A phase in the vicinity of the polycritical point,
where the difference in free energy of the two phases is
small. On cooling at constant pressure, we identify a well-
defined instability line in the P, T plane at which the first
order supercooled A — B transition occurs. We find that
this instability line appears to terminate at a point, separated
from the line of second order normal-superfluid transitions
T, and at a pressure 0.3 bar below PCP. The locus of the
instability line does not depend on the cooling rates studied,
which differ by an order of magnitude, except in the
immediate vicinity of the terminus point. However, by
following a variety of different trajectories in the P, T
plane we demonstrate that supercooling displays a path

dependence. Thus pressure and temperature alone do not
provide coordinates to specify where the supercooled A
phase transforms to the B phase. An open question is the
potential analog with path dependence in supercritical
region of classical liquids [31], which may also relate to
the observed terminus of the instability line.

We find that supercooling can be enhanced by crossing
T, and then depressurizing. In principle such a memory
effect could be explained by small *He-filled cavities in the
surface connected to the bulk *He via a narrow orifice (see
Fig. 1 in [29]). However we believe this is not a likely
mechanism here (see Supplemental Material, Note 8 [21]).
Our experiment also provides a test of the baked-Alaska
mechanism of cosmic ray induced nucleation in a
well-motivated but relatively unexplored region of phase
space near the PCP. We believe that neither the statistics of
nucleation at the constant pressure instability line,
nor the path dependence of nucleation are explained by
this model.

We suggest that the full free energy landscape in the
isolated chamber should be taken into consideration, within
the framework of resonant tunneling or alternative models.
The equilibrium order parameter has a strong spatial
dependence: at surfaces of the chamber and the tuning
fork, where gap suppression depends on surface scattering;
at sharp corners [46,51,52]. The orientation of the order
parameter (texture) in the complex geometry of the cham-
ber and tuning fork may also play a role, although in this
case the energy scales are much smaller [1,5]. Superfluid
domain walls, both textural and cosmic [53] may also play
arole [54] and respond differently under (de)pressurization.
All these effects are in the context of the bulk free energy
landscape of the superfluid *He order parameter, in which
strong coupling effects (source of stability of A phase) are
both pressure and temperature dependent [55].

Further investigations of these phenomena will be aided
by the following. Surface scattering conditions can be
tuned from diffuse to specular by adjustment of surface “He
boundary layer [52,56,57]. The free energy difference of
bulk A and B phases can be tuned by magnetic fields [32].
Surface quality and geometry can be tailored using silicon
nanofabrication techniques [33,47,58], extending the
method of confining channels adopted in this work to
isolate the chamber from the B phase. The A — B transition
can be assayed by a noninvasive probe, such as NMR
[46,59]. It remains to be explored whether such path
dependence is confined to the restricted region near the
polycritical point.

We conjecture that the puzzling detachment of the
constant pressure instability line and the reliable nucleation
of the A phase below the PCP, may arise from the fact that
the sample is cooled through a channel in which the A
phase is stabilized by confinement, and this imprints the A
phase on the bulk chamber. If so, it may be possible to seed
nonequilibrium phases of superfluid *He, such as the polar
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phase, by cooling through a channel in which the polar
phase is stabilized by oriented nanoscale structures
[58,60-62].

The quest to understand the nucleation of the B phase
from A phase remains open, with implications for cosmol-
ogy. First order transitions have been proposed in the early
universe, such as the electroweak transition [63], and in
eternal inflation [64]. These have potential signature signals
in future gravitational wave detectors [65-67], the predic-
tion of which relies on nucleation theory. This provides
strong motivation to identify the possible intrinsic nucle-
ation mechanisms in superfluid *He as a laboratory-based
simulator for cosmology.
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