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We have studied nucleation in superfluid *He across the A-B phase transition driven by a magnetic field,
in a controllable environment at very low temperatures. Both B — A and A — B secondary nucleation
appear to be governed by the survival of pockets of the new phase trapped at surfaces. We find that, at
fields near B,g, primary A — B nucleation cannot be triggered by ionizing or neutron irradiation even
at very high intensities. In our cell primary A — B nucleation can only be triggered externally by mild

mechanical shock.

PACS numbers: 67.57.Bc, 64.60.Qb, 64.70.Ja, 67.57.Np

The several phases of superfluid *He provide a system
of unrivaled simplicity and purity for the study of phase
transitions. One might think that elucidating the mecha-
nisms of phase nucleation between two well-characterized
coherent condensates should be straightforward. In fact,
the nucleation of the first order transition between the A
and B phases has been the subject of much controversy
[1] and is not at all understood. The conventional pic-
ture of a nascent bubble of the nucleating phase reaching
the critical radius by thermal fluctuation cannot be invoked
since the critical radii are macroscopic and yield nucle-
ation probabilities orders of magnitude lower than those
observed. In consequence, alternative mechanisms have
been postulated. Leggett has proposed nucleation in the
warm volume locally heated by a particle event (from am-
bient radiation), the “baked Alaska” scenario [2]. Bunkov
and Timofeevskaya [3] have considered nucleation from a
similar hot spot via the Kibble mechanism [4,5]. Obser-
vations [6] have suggested that surface roughness plays a
role, either via breakdown of superfluidity with superflow
over excrescences or via surface traps of the wrong phase,
the “lobster pots” of Leggett and Yip [7].

Previous measurements of nucleation have been made
with varying temperature. In the present work we exploit
instead the susceptibility difference between the phases by
driving the A-B transition in either direction by a magnetic
field. This method affords much greater control over the
experimental parameters. Furthermore, since we work at
low temperatures the transition occurs between almost pure
condensates and excludes any influence of normal fluid-
superfluid counterflow.

The experiment is made in a Lancaster nested cell stage.
The sample is contained in a sapphire tube closed at the
base, with an intrinsically smooth surface, which extends
below the inner cell as shown in Fig. 1. The open top of
the tube is closed by a thin epoxy-impregnated paper sheet
pierced by a small orifice connecting the *He inside with
the bulk liquid in contact with the refrigerant. The sample
is thus contained in a quasiparticle black body radiator
with high sensitivity to deposited energy [8]. The sapphire
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tube was cleaned by a solvent without abrasion but not
assembled in the cell in a clean room.

All experiments reported here were made at zero bar.
At this pressure the superfluid sample cools to ~150 uK
at which point heat flowing out of the radiator orifice into
the colder liquid outside balances the residual heat input
to the sample. The sample temperature is inferred from
the frequency width Af, of a vibrating wire resonator,
which in the B phase varies as exp(—A/kT) [9], with A
the energy gap.

Also shown in Fig. 1 are the superconducting solenoids
which generate the field profile applied to the cell. The
greater part of the field needed to reach the A-B transi-
tion is provided by a large three-coil solenoid. A smaller
diameter solenoid assembly and a further set of gradient
coils provide the fine-tuning. We observe the nucleation
by ramping the field profile applied to the superfluid in
the sapphire tube, such that the field on an isolated re-
gion of the liquid crosses the critical field B4, 340 mT.
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FIG. 1. Left: The sapphire quasiparticle black body radia-

tor showing the closure at the top containing the quasiparticle
radiator orifice and the heater and thermometer vibrating wire
resonators, along with the solenoids for generating the applied
field profiles. Right: Field profiles used for I: nucleating A
phase at the base of the cell; II: nucleating B phase at the base of
the cell.
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Subsequent nucleation leads to the preferred phase imme-
diately filling the available volume. Since the latent heat
of the transition is large compared with our energy resolu-
tion [10], this process yields a sudden temperature transient
which we detect.

Figure 1 also shows two field profiles representative of
those used for the various nucleation regimes. To sim-
plify the analysis of the thermal response all profiles are
arranged to give a low field at the top of the sample cell
to ensure that the *He surrounding the vibrating wire ther-
mometers and at the radiator orifice is always in the B
phase undistorted by magnetic field. The profiles illus-
trated induce nucleations at the base of the cell: I for
B — A and Il for A — B. It became clear during the ex-
periments that a small (~0.2 mm) particle of sintered sil-
ver had fallen into the bottom of the tube. Far from being a
hindrance, this helps us to untangle the various nucleation
mechanisms in different parts of the cell.

To make, say, an A-phase nucleation measurement, we
begin with a field profile giving the B phase throughout the
radiator. We then slowly ramp the current to the large so-
lenoid, increasing the magnetic field on the superfluid until
the A phase is nucleated, causing a sudden transient cool-
ing of the radiator (the A — B signature being transient
warming). We could analyze these measurements in terms
of a notional nucleation rate, given some model of the pro-
cess. However, for transparency we simply ramp the field
uniformly (almost always at 4 X 107> Ts™ ') and note the
value at which nucleation occurs. These are necessarily
secondary nucleations since the A phase had been present
previously in the cell while we cooled into the superfluid
state. Nevertheless, it is possible to observe primary nu-
cleation of the B phase as described below.

We consider first the data on secondary nucleation. This
is presented so as to illustrate the history dependence in
the behavior since when we are nucleating say the A phase
by increasing the field on the existing B phase, then the
farther we have previously taken the field down below B4p,
the farther above Bap we have to take the field before
the A phase is nucleated. We designate the interval we
have to take the field beyond the B,p value before the new
phase nucleates as the “coercive” field interval, and the
interval from Bsp which we previously took the field in
the opposite direction before nucleating the new phase as
the “retarding” field interval.

The principal features of our measurements can be seen
in Fig. 2 where we plot the retarding versus coercive field
intervals for both A — B and B — A nucleations. Both
sets of data are taken with the maximum coercive fields at
the base of the cell where the small sinter particle is situ-
ated. These measurements were made at 150 wK where
our temperature and energy sensitivity are greatest. How-
ever, other data show no temperature dependence up to
quasiparticle densities an order of magnitude greater.

Consider the A — B data. At low field intervals there
is a smooth dependence of the coercive interval on the
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FIG. 2. A — B and B — A nucleations as functions of coer-
cive and previous retarding field intervals (see text).

retarding interval which is quite reproducible for the same
field profile. At higher retarding fields the slope falls and
the data become less sensitive to the retarding field and the
scatter increases.

The B — A data show qualitatively similar behavior
with a more or less linear relation between coercive and
retarding fields at low field intervals going over to simi-
lar retarding interval-insensitive behavior at higher fields
(with no further change up to retarding fields of 330 mT).
However, there are two significant differences: (a) the nu-
cleation is always easier (that is, for the same retarding
field excursion the coercive field is always lower than in
the A — B case), and (b) the low field linear region now
shows stochastic behavior with a wide band of scatter.

To interpret these results consider first the memory ef-
fect. Why should how far we have taken the magnetic field
in the “wrong” direction have any influence when we re-
turn the field beyond Bap to nucleate the preferred phase?
Furthermore, why should this behavior be seen for both
A — B and B — A nucleations?

We do not believe that any memory of the field his-
tory can be retained in the bulk superfluid. Thus we must
suppose that the memory is retained at the cell surfaces,
presumably in the form of residual pockets of the wrong
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phase retained in topologically favored sites held by sur-
face tension. This idea is not new; Leggett and Yip [7]
postulated lobster pots which would do precisely this. In
our sapphire cell, with a flamed surface, such defects are
absent but the equivalent role may be played by the geo-
metrical traps formed by dirt particles on the surface and
especially by the sinter particle at the cell base. As the
retarding field is increased beyond B,p these pockets are
progressively emptied. When the field is returned through
Bp in the opposite direction the preferred phase can grow
from these preexisting seed pockets when the geometry
and field energy allow. The farther that the field was pre-
viously taken in the wrong direction the fewer pockets will
have survived to seed the new phase, which immediately
provides a mechanism for the dependence of ease of nu-
cleation on the previous field excursion in the wrong direc-
tion. We believe this is the process operating in the case
of the B-phase nucleation shown in Fig. 2, where there is
a smooth dependence of the nucleation field on the excur-
sion field.

Since the pockets argument relies on the surface ten-
sion to retain the seeds of the wrong phase, the mecha-
nism should operate with A — B and B — A nucleations.
However, the data of Fig. 2 show that there is a clear asym-
metry between the two. B — A nucleations are not only
more probable than A — B nucleations for similar retard-
ing intervals, they also show a stochastic scatter at low
fields not seen in the A — B data. Possibly there is an
added random factor operating in the B — A case and we
suggest that background ionizing radiation may play this
role. An ionizing particle traversing the cell can locally
heat the liquid above T, and thus leave a trail of regions
of normal liquid along its track. If the track pierces one of
the surface pockets of the A phase then at that point normal
liquid is placed in contact with the preferred phase. Both
A and B phases then expand into the normal region along a
front at 7, but the A phase in ~350 mT is very much more
preferred. In fact, any local heating around the pocket will
help the A phase expand into the bulk since the critical
radius decreases with increasing temperature. Such a pro-
cess would explain the stochastic scatter of the data and
since the track must intersect a pocket, the pocket memory
effect would also operate as observed. Conversely, since
this mechanism relies on the energy difference of the two
phases in fields close to 340 mT at T, it offers no assis-
tance to A — B nucleations.

We can partially confirm this picture in two ways. First,
we are able to induce B — A nucleation higher up the
cylinder to avoid the sinter particle at the base by using a
profile similar to I such that the field at the cell base never
exceeds Byp. Higher up the sapphire cylinder the walls
are inherently smooth with very little dirt. In this case we
see similar behavior to that shown in Fig. 2. However, the
memory effect is restricted to lower retarding fields, and
coercive field intervals up to 3 times greater than those of
Fig. 2 are needed to trigger nucleation at the higher retard-

ing fields. Second, we have also investigated the effect of
ionizing radiation by exposing the cell to a gamma source.
In this case we indeed see enhanced B — A nucleation but
no effect whatsoever on A — B nucleation as shown in
the figure.

A typical time for nucleation during a field sweep is
10 min. The total local radiation flux is ~10 cm™2 min~!.
Typical energy deposition rates for ionizing particles
would suggest a particle track creates a track of liquid
heated into the normal phase over a mean diameter of
about 1 um. From this we estimate very crudely that, to
yield the nucleation behavior observed, there are on the
base of the cell and on the sinter particle about 107 “seeds”
with an order of magnitude fewer on the vertical walls of
the cell. This seems to tally well with the idea that the
seeds are associated with dirt particles and interstices in
the sinter particle.

Finally, we note that a slight mechanical shock to the
cryostat can also induce nucleation in both directions
within the band of scatter in Fig. 2, again not inconsistent
with the above picture since mechanical shock might well
disturb the interface of seed pockets.

We now turn to the more interesting problem of pri-
mary nucleation. We cannot investigate primary A-phase
nucleation since we cannot avoid crossing 7 in finite field.
To allow primary B-phase nucleation, we must ensure that
the base of the cell is held above Byp from the normal
state down to the lowest temperatures to avoid any B-phase
precursors. We then reduce the field at the base of the
cell using profile II. The greatest undermagnetization of
the A phase which we can attain is ~30 mT, more than
double the interval needed for secondary nucleation. This
field deficit is just at the limit for achieving primary nu-
cleation of the B phase and yields a spontaneous nucle-
ation probability of the order of 1 per h; see Fig. 3A. This
allows us to hold the field at this value and observe at
leisure what external factors trigger nucleation. We can
apply heat pulses, mechanical shock, and both gamma and
neutron irradiation. We can immediately dismiss thermal
pulses which have no effect. To our surprise, exposure
to neutron and gamma radiation has never been seen to
trigger primary nucleation in our experiments. This ap-
pears to rule out completely any of the baked Alaska and
Kibble mechanism scenarios in this situation. (However,
one should remember that in our case any bulk nucleation
via the Kibble/“baked Alaska” mechanism with gamma
radiation should be highly suppressed since we are work-
ing close to the A-B transition line where the critical
bubble radius, ., is quite large; at our largest coercive field
we estimate a lower limit for r, of ~5 pwm from the stan-
dard result r. = 20/AG with a minimum value for the
surface energy, o, and a maximum value for the magnetic
free energy difference, AG. B-phase nucleations should
be further suppressed since the nascent B-phase domain
initially generated by the fireball must cool through the
transition line where the critical bubble radius diverges.)
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FIG. 3. Three temperature traces showing primary nucleation.

Variation in the baseline arises from the thermal effects on the
liquid as the field is ramped. A: spontaneous nucleation 20 min.
after the coercive field reaches —31 mT. B: no nucleation on
exposing the cell to ~700 s of gamma irradiation and a similar
period of neutron irradiation. The heating of the sample is
apparent. During the neutron irradiation a total of ~100 pJ
is deposited in the liquid from capture processes which liberate
~700 keV of energy per neutron [11], i.e., over the 650 s of neu-
tron exposure, around 860 fireballs above T, were produced with
no nucleation being triggered. C: primary nucleation triggered
by a gentle mechanical shock after a 60 min wait at the same
coercive field.

Nevertheless, it is worth emphasizing that we can apply
both types of radiation up to levels so high that we ob-
serve direct heating of the liquid but no nucleation; see
Fig. 3B.

The only effective external means of triggering primary
nucleation is by the application of a mild mechanical shock
to the cryostat, as seen in Fig. 3C. Since the specimen
is contained in a radiator which is energy sensitive we
can calibrate any shock in terms of the energy deposited
in the liquid. We cannot detect the heat deposited at the
level of shock needed to trigger nucleation. It would seem
to be that a mechanical shock generates a relative veloc-
ity between the liquid in the radiator and dirt particles
in the base which exceeds some local critical velocity for
the breakdown of superfluidity. While our field configura-
tion is very versatile, given the conditions under which
it is used, we cannot generate such a reentrant profile
as to allow us to observe primary nucleation higher in
the radiator away from the base. This is a pity since in
this case it would seem that primary nucleation would be
virtually impossible.

O’Keefe et al. [6] have seen primary A — B nucleation
induced by radiation, at high pressures and low fields
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(but with rapidly decreasing probability up to fields of
100 mT). At our low pressures and much higher fields we
see no influence of radiation whatsoever. However, the B
phase is still spontaneously nucleated in our case. Given
our cell configuration it is hard not to believe that all pri-
mary A — B nucleations seen under our conditions are in-
duced by mechanical disturbance of one form or another.

To conclude, at zero bar, low temperatures and in fields
near Byp in secondary nucleation we see both A — B and
B — A nucleation dependent on the field history suggest-
ing a memory effect from seeds of the previous phase
trapped on surfaces. Such B — A nucleation appears to
be assisted by background radiation and is much enhanced
by externally applied radiation. External radiation has no
effect on A — B nucleation. Surprisingly we have never
been able to induce primary A — B nucleation by radiation
even at very high levels. To take the story a step farther
one would need to devise a more compact radiator where
a field minimum could be set up in the bulk to avoid any
influence of surfaces.
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