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Phase transitions in 2He and in cosmology.
A-to-B phase nucleation puzzle in superfluid 3He.
m Role of various internal and external mechanisms.
m Kibble-Zurek mechanism and its simulation.
Details of experimental SQUID-NMR setup.
m Nanofabricated atomically smooth silicon cell.
m Multiple tiny isolated phase-transition volumes.
m Making use of confinement and quasiparticle scattering boundary condition.
m Particle interaction simulations inside the cryostat.
Results

m No catastrophe line.
m Strong supercooling and superheating observed.
m Stochastic nature of observed phase transitions, such as triggered by radiation.

B Thermal quenches of the large enough normal-state bubbles into the A or B phase.
m Non-monotonic T' and P dependence of lifetime of supercooled 3He-A.

Conclusions and future.
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The cosmological phase transitions

day 14 billion years / Standord Model Consequences from various beyond-
Life on earth - . andard Model | Standard Model (SM) phase transitions:
Acceleration 11 billion years %znpg:;i:;:'s‘:"’t::“ II 125 GeV = ererical" | Dark Matter
Solar system form S H— . ’ ClD=sovel - WIMPs.; axions; primordial black holes
Star formation peak Q8 o e o , 8 75 GeV _ [DarkSide; HeRALD; SuperCDMS etc.]
8 B . gl Symmetric | Gravitational wave background
GZI“Y m"_"a"““ e - ! g |Higgsphase [HEED - could result from various phase transitions
Eaiest visibl galaxle o0 ow yoars - " p 2 New physics - spectrum affected by phase-transition rate,
NIy v P ase'!ransmon first-order the phase-boundary speed, and the defect
UWHiilin SIXF @ fectr==ton dynamics [LISA; NANOGrav]
Recombination Atoms form \— - Beyond SM: 1st order. v ) :
Rl ratiaton decouples (CWB) () ) 7 Baryogenesis? TEDEY Cosmological defects
A y_ _ - cosmic strings; magnetic monopoles;
Matter domination Temperature domain walls; textures

Onset of gravitational collapse
Peccei-Quinn phase transition
Before, during, or after Inflation
10°- 10" GeV

Beyond SM: 1st or 2nd order.

Could solve the strong CP problem;
gives rise to an axion (a viable Dark
Matter candidate).

Nucleosynthesis
Light elements created - D, He, Li

Nuclear fusion begins

Quark-hadron transition
Protons and neutrons formed

Electroweak transition 100 GeV

1st order phase transition (dramatic, release of latent heat)
- bubbles of the new phase form in the middle of the old phase
- expansion and collisions follow; waves and defects emerge
[M. Hindmarsh et al., SciPost Phys. Lect. Notes 24 (2021)]
Numerical simulation of a phase transition by nucleation of bubbles,
homogeneous nucleation theory. Bubbles with R > R_expand.

Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking GUT phase transition
Beyond SM: 1st or 2nd order.
Role in the Inflation?

Baryogenesis?

Axions etc.?

Grand unification transiti
Electroweak and strong nuclear
forces differentiate

Inflation
Quantum gravity wall
Spacetime description breaks down

[Image adapted from The Stephen Hawking
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m Firmly established unconventional spin-triplet p-wave superfluid
with S =L =1and G =SOB3)L, x SO(3)s x U(1).

m Quantum analogue of Standard Model's G = SU(3) x SU(2) x U(1).
m Diverse range of excitations, collective modes, and defects.

m Extremely pure sample at the lowest temperatures; even “He
impurities “frozen” on the sample walls.

m |deal for phase-transition studies (both 1st and 2nd order).

m Due to Cooper pairs’ internal structure, multiple stable superfluid
phases exist.

m First-order phase transition between 3He-A and 3He-B.

m 3He-B, pseudo-isotropic: long-range order in relative orientation of 1 and &:

L,=1,5=-1 L,=0,5,=0

Ayi=e"PAR,;(1,0); ‘I’:ei¢A(

m 3He-A, anisotropic: long-range order in vector d L § and in 1= ra x f:

2]

L,=1,5=1

o

Ayji=e"PAd, (mj+in;); \P:ei¢A(
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Helium-3: laboratory test bed for the early-Universe phase transitions
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A-to-B phase nucleation puzzle

m The mechanism of the first-order phase transition between 2He-A and 3He-B, 50+ years after its
discovery, is still unresolved.

m Intrinsic processes predict lifetime of metastable supercooled A phase larger than the age of the
Universe due to large critical size of the B-phase bubble, R = 20 ,;/AF,p ~ 1um.
[A. J. Leggett, JLTP 87, 571 (1992)] Overall free-energy gain
m Homogeneous nucleation by thermal fluctuations. i
m Macroscopic quantum tunnelling.
— Can be possibly accelerated by ‘resonance’ effects.

[S.-H. Henry Tye and D. Wohns, PRB 84, 184518 (2011)]

F(R) = 47R%, ;- (4mI3)R¥F, - Fy)

Stable phase
bubble radius|
R

R
< A
[P Schiffer and D. D. Osheroff, Rev. Mod. Phys. 67, 491 (1995)]

m However, in the lab the phase transitions are routinely observed, thus very likely triggered by
extrinsic means. These need to be understood — and cancelled if possible — to gain access to
any intrinsic mechanisms.

m Impurities / rough surfaces / textural singularities — Cooling-rate dependence.
m Seeds or surface pockets as a source — History dependence / catastrophe line.
m Nucleation by radiation = Stochastic process.
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Kibble-Zurek mechanism in cosmology and helium-3

m During a rapid continuous (2nd order) phase m Size of seeds at time ¢,.: Iz, = ago(TQ/TO)lf‘i_
trangltlon, causally Idlsconnected regions m 7, =&olvp ~ Lns is the order-parameter
cooling through T'. independently choose relaxation time.
local order-parameter minima. m 15! =0,(T/Tc) is the cooldown rate at 7.
= As such seeds expand/shrink/merge . .

. ’ = he fi -out time, bef
various types of defects can be created. " T \/TeT0 S
m Originally proposed for cosmological phase which &(T') = {o/v/1 - T/T¢ longer than the
transitions by Kibble: causal horizon (system not in equilibrium).

[T.W.B. Kibble, J. Phys. A9, 1387 (1976)]
m Expanded to superfluid physics by Zurek:
[W.H. Zurek, Nature 317, 505 (1985)]

i 2
domain walls? z

point defect
—+/ vortex?

g\ hard domain
walls
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Kibble-Zurek mechanism in cosmology and helium-3
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Key measurables in helium

ol lkz = aéo(rQ/ro)M.
moT)= 50/vF ~ 1ns is the order-parameter
relaxation time.
rél = 04(T/T,) is the cooldown rate at 7.

Te = /TQTO is the freeze-out time, before

which &(T) = &y/\/1-T/T. longer than the
causal horizon (system not in equilibrium).

m Size of seeds at time ¢

JadSelected for a Viewpoint in Phys .
PRL 117, 255301 2016) PHYSICAL REVIEW LETTERS 16 DECEMBER 2016

uperfluid *He

S, Aum," V.V n.m..m‘w T. Mikinen.' A. A. Soldatov.™* G. E. Volovik,'*

anre L 00, FLOOOT6 ALTO, Finland

R,~1mm,a~1
T~ 102-10°s

KZ~ 100 pum
T, ~1-10ms

PHYSICAL REVIEW LETTERS 127, 115702 (2021)

Suppressing the Kibble-Zurck Mechanism by a Symmetry-Violating Bis

. Rysti.! 1T, Mikinen®,"” S. Autti®."” T. Kamppinen®,' G. E. Volovik®," and V. B. Eltsov
"Depars 0 A lan
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Radiation-triggered phase transitions

m Two competing mechanisms for radiation-triggered phase transitions.

m Baked Alaska ja. J. Leggett, Phys. Rev. Lett 53, 1096 (1984) and JLTP 87, 571 (1992); P. Schiffer et al., Prog. Low Temp. Phys. XIV, 159 (1995)]
m Cosmological “Kibble-Zurek” scenario (r. w. e. kisle and 6. E. Volovik, JETP Lett. 65, 102 (1997);

Yu. M. Bunkov and O. D. Timofeevskaya, Phys. Rev. Lett. 80, 4927 (1998); Yu. M. Bunkov, J. Phys. Cond. Mat. 25,, 404205 (2013)]
m Both rely on locally heating a bubble with Ry, > R. above T = T'. but differ in details on what
happens as the bubble cools down. Ballistically expanding hot shell or diffusively rapidly shrinking

hot blob? Single-phase nucleation or multitude of causally disconnected seeds?
[Yu. M. Bunkov and O. D. Timofeevskaya, PRL 82, 3926 (1999)]

b1
PARN /A=A

- = N a2 b2

s [~ w ]
I me o bla W 7 §

M 1T O He-A

[P. Schiffer and D. D. Osheroff, Rev. Mod. Phys. 67, 491 (1995)] [Yu. M. Bunkov, J. Phys. Cond. Mat. 25, 404205 (2013)]

o = Rh =30 um I

o e
¥, APhase A Phase

(c) (d) e A

FIG. 1. The different scenario of transitions after a local
heating.  Vertical lines indicate a region of independently
nucleated superfluid seeds.
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Simulating the phase transition: A vs. B phase during bubble collapse

m HPC simulations implementing time-dependent G-L formalism to study far-from equilibrium process
of local energy injection and the subsequent quench through T'c. m. sindmarsh et a, J. Low Temp. Phys. 215, 495 (2024)]

m Simulations show Kibble-Zurek mechanism being active, i.e., seeds of A/B phase are initially
created followed by slow dynamics of them expanding/shrinking/combining. Applies regardless of
the hot bubble cooling diffusively (assumed here) or via ballistically expanding hot shell (BA).

P=5.5bar; T=0.70T; H= 30 mT, Initial hot blob radius: 1.2 um

Colour coding: A phase; ; AB-interface

9 P ’ ’ Critical radius: 0.7 pm (Truly spherical case, thin-wall approximation.)

t=1 ns after energy injection t=50ns t=150 ns t=250ns
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Simulating the phase transition: Stochasticity

[Y. Bunkov, J. Phys.: Condens. Matter 25, 404205 (2013)]
70

Probability (A), %
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m A single-seed probability of ending into the A or the

B phase has been calculated/simulated before (and
confirmed by us) — Laptop.

In realistic situation the number of K-Z seeds is

102 — 10® within R, radius bubble with complex
evolution driven by inter-seed dynamics — HPC
simulations.

See dyGilLa project (https://dygila.github.io).
Previous experiments at 34 bar suggested that

~ 100 candidate events required in order to see one
A-to-B phase transition. Reason not given.

[P. Schiffer and D. D. Osheroff, Rev. Mod. Phys. 67, 491 (1995)]

Present simulations suggest that even one event is
enough as long as the heated bubble is bigger than
a threshold size which can be more than R, and
likely depends on P and T (to be confirmed).
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Simulating the phase transition: defects

m Earlier experimental studies of Kibble-Zurek mechanism in helium-3 concentrated on defect
formation.

[V.M.H. Ruutu et al., Nature 382, 334 (1996); C. Bauerle et al., Nature 382, 332 (1996); S. Autti et al., Phys. Rev. Lett. 117, 255301 (2016); J. Rysti et al., Phys. Rev. Lett. 127, 115702 (2021)]

m Recent simulations show the relevance of K-Z mechanism in creating both domain walls and
vortices in thin films of 2He-A undergoing a temperature quench through T.
[N. Gluscevich and J.A. Sauls, Phys. Rev. B 111, 214526 (2025)]

m Our simulations show formation of defects and vortices as well during the hot bubble quenches.

Colour coding: A phase; ; AB-interface; BB domain wall P =55bar; T=0.70T; H=30 mT; Initial hot blob radius: 10.4 um
Critical radius: 0.7 um (Truly spherical case, thin-wall approximation.)

t = 20 ns after energy injection t=90 ns t=620 ns t=1960 ns

8 20
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SQUID-NMR and nanofabrication: Slab-shaped nanofluidic cavities

SQUID-amplified NMR:
[L. V. Levitin et al., App. Phys. Lett. 91, 262507 (2007);
D. Drung et al., IEEE Trans. Appl. Supercond. 17, 699 (2007)]

Z
ky
X

NMR allows characterisation

NMR trans- of superfluid pha_se
mitter coil based on precession
B frequency shift Af(P,T,B,B)
x W from f_and on the amplitude
of the signal (magnetisation):
- |f? - Filoc (A%(2))
Platinum NMR Fil line
thermometer
ﬁ Static
NMR field $,B, Lz
receiver coil Af, <0 Xa ™ Xn
B, A,20 Y%=k

\

Heat
exchanger

Silver

Heater
plate

Thermal connection
to the nuclear stage

i Orange: slab of helium

i Green: two silicon wafers
: Black: Macor cell holder
| Grey: Silver foils
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Nanofluidic slab-shaped cavity: a ' d
Standard nanofabrication techniques

- Photolithography, (deep) reactive ion etching, Lake '}r’qov_es
surface passivation, fusion bonding b - i I e Fill-line hole

| 4

[P. J. Heikkinen et al., JLTP 215, 477 (2024);

N. Zhelev et al., Rev. Sci. Inst. 89, 073902 (2018); Trench A~
S. Dimov et al., Rev. Sci. Inst. 81, 013907 (2010)] ¢ . j I f
Confined helium Bulk helium mmSi  mmSiO, mmAg
(cavity height D) (fill line) D =1.1um (D/g, > 10)
. Bulk helium-3 [N. Zhelev et al., Nat Commun. 8, 15963 (2017);
Bulk helium

L. V. Levitin et al., PRL 122, 085301 (2019))
(far end)

Solid
g 5 -
[ Superfluids S lle NMR
z\tomically smooth L - 1 23
silicon wafers § )
[ S 3He-B o

» Support pllla_rs to r_nalntalnn_ 10F 4 a ; He-A —

constant cavity height Normal fluid i
" " " " 0 X

FEM modelling for cavity distortion: 30

1.0 2.0
Temperature (mK) 00 04 08 12 16

D=0.7 um (D/E;: 8 - 17) =192 nm; 80 nm (D/: 1.0 - 7)
[L. V. Levitin ot al., Scienc 340, 841 (2013); [PJH et al, Nat. Commun. 12, 1574 (2021);
PRL 111, 235304 (2013)] PRL 134, 136001 (2025)]

@100 um pillars; 2.6 nm/bar
©200 pm pillars; 1.0 nm/bar

Surface: Total displacement (nm)

Temperature (mK)

.0

05 0
Temperature (mK)
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SQUID-NMR and nanofabrication: Multi-height cavities

SQUID-amplified NMR:
[L. V. Levitin et al., App. Phys. Lett. 91, 262507 (2007);
D. Drung et al., IEEE Trans. Appl. Supercond. 17, 699 (2007)]

2
y
I4x
NMR trans-
mitter coil

an/

NMR allows characterisation
of superfluid phase
based on precession
frequency shift AP, T,B,B)
from f_and on the amplitude
of the signal (magnetisation):
IF2 - £2]o (A%(2))

Platinum NMR Fill line
thermometer
ﬁ Static
NMR field S,B, LIz
receiver coil Af, <0 Xa : Un
Bo Afg 20 Xg < UAn
B.— \
Silver Heat
plate Heater exchanger

Thermal connection
to the nuclear stage

i Orange: slab of helium

| Green: two silicon wafers :
. Black: Macor cell holder
Grey: Silver foils

PetriJ. Heikkinen (RHUL)

First measured hybrid cell with variable cavity height:
[P. J. Heikkinen et al., JLTP 215, 477 (2024)]

- Five ‘lakes’ of different size fully isolated by shallow ‘shore’.

- Lakes work as independent phase-transition volumes.
Volume effect and statistics.

Sliver of A phase (T_- T,, ~ 10 uK at low P) is stable
between normal state and the B phase at all pressures,
stabilised by magnetic field (B, = 30 mT)
[Y. H. Tang et al., PRL 67, 1775 (1991)]

and modest confinement (D/&, > 100).

Optical profilometry

Height (um)

Bonded
connection

m
0 /

Mask for nanofabrication

Lakes Isolation barrier
Aor B phase Normal or A phase
D=6.8um D=75nm

Bulk-like helium-3

Lake 5 Lake 2 Lake 1 40
V,=0.120 mm* V,=0.072mm* V, =0.024 mm*

Pressure (bar)
N
S

Superfluids
3

Solid

Normal fluid

prgd § N
S & S &

3
a
4
2
e
a

o

fluid
85 05 10 15 20 2

1.0 2.0 3
1 Temperature (mK)

Supercooling *He-A in the
lakes is accessible at all
pressures.

S
S & S

Pressure [bar]

o)

flui
80 05 10 15 20 25
[mK]

10l °He-B
Volume ratios: 0

© V,=3.0V,
o =
3 V,=24V,
3 V,=3.1V,

V,=5.1V,

Lake 4 Lake 3
V, =0.075 mm? V, =0.056 mm® )

Superfluid “He boundary layer provides

specular (mirror-like) surface scattering.

- No suppression of T_even at D = 80 nm.
[PJH et al., PRL 134, 136001 (2025)]
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SQUID-NMR and nanofabrication: Multi-height cavities

SQUID-amplified NMR:
[L. V. Levitin et al., App. Phys. Lett. 91, 262507 (2007);
D. Drung et al., IEEE Trans. Appl. Supercond. 17, 699 (2007)]
1[4}/
X
NMR trans-
mitter coil

an/

NMR allows characterisation
of superfluid phase
based on precession
frequency shift AP, T,B,B)
from f_and on the amplitude
of the signal (magnetisation):
IF2 - £2]o (A%(2))

Platinum NMR Fill line
thermometer
ﬁ Static
NMR field S,B, LIz
receiver coil Af, <0 Xa : An
Bo Afg 20 Xg < UAn
B.— \
Silver Heat
plate Heater exchanger

Thermal connection
to the nuclear stage

i Orange: slab of helium

i Green: two silicon wafers :
. Black: Macor cell holder
Grey: Silver foils
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First measured hybrid cell with variable cavity he
[P. J. Heikkinen et al., JLTP 215, 477 (2024)]

- Five ‘lakes’ of different size fully isolated by shallo\
- Lakes work as independent phase-transition volun
Volume effect and statistics.

Sliver of A phase (T_- T,, ~ 10 uK at low P) is stat
between normal state and the B phase at all press
stabilised by magnetic field (B, = 30 mT)
[Y. H. Tang et al., PRL 67, 1775 (1991)]

and modest confinement (D/&, > 100).
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SQUID-NMR and nanofabrication: Multi-height cavities

m Alternative approach: 1 hybrid cell with variable cavity h¢
. stal., JLTP 215, 477 (2024)]
[L Whitehead et al'! JLTP 221 ’ 249 (2025)] * different size fully isolated by shalloy
s independent phase-transition volun
Quartz tuning fork tand statistics. 10
ase (T_- T,; ~ 10 uK at low P) is stat
nal state and the B phase at all press
magnetic field (B, = 30 mT)
al., PRL 67, 1775 (1991)]
onfinement (D/&; > 100). —

0 bar normal state NMR spectra
15

Upper VWR array

x-y gradient
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»fabrication

A-B magnet Lake 2 Lake 1
V,=0.072mm* V, =0.024 mm*
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ol

L]
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. V,=5.1V, - . - : .
The phase transition bubble volume, ° ! Frequency [kHz]

magnetically isolated from the walls.

Lake 3
V, =0.056 mm® L
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Radioactivity within the cryostat triggering the phase transitions
m Model ND2 cryostat and relevant materials inside and outside
with Geant4 Monte Carlo particle interaction simulator:
m Cosmic-ray events inside the sample are insignificant (< 1/day).
m Radioassay the Macor cell holder (contains radioactive 4°K
isotope; f~ decay “°K — 4°Ca):
m Source of hundreds of 10-1000 eV events/day, primarily
scattering; on average one third of the energy deposited as heat.

*He sample

[S. Autti et al., Eur. Phys. J. C 84, 248 (2024)] Macor cell
m Heats bubbles of helium bigger than the critical size above T.. (el
w00 b 1o Electron recoil interactions
2 ’ i L
) ¥~3H¢ jonisation energy, 19.7 eV
: ;
10 817 % LS 1 S — quasiparticle
2 - ¥ T B singlet UV
50 425 ‘g 5 L T triplet UV
100 194 2 10 B | ROOMSC . L e R
S £
500 19 o o4
o
1000 8 s
5 10° 0.2
5000 1 2 \
€
=3 H
z % 2 P 3 3 10 901 107 10° 107 105

Energy deposit E [keV] Deposited energy [eV]
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Radioactivity within the cryostat triggering the phase transiti

m Model ND2 cryostat and relevant materials inside and outside
with Geant4 Monte Carlo particle interaction simulator:
m Cosmic-ray events inside the sample are insignificant (< 1/day).
m Radioassay the Macor cell holder (contains radioactive 4°K
isotope; f~ decay “°K — 4°Ca):
m Source of hundreds of 10-1000 eV events/day, primarily
scattering; on average one third of the energy deposited as heat.

[S. Autti et al., Eur. Phys. J. C 84, 248 (2024)] [ ———
m Heats bubbles of helium bigger than the critical size above T. Roldey

*He sample

10 —— 1003, b 1o Electron recoil interactions
& P 5 ¥—3He ionisation energy, 19.7 eV
10 817 % 1 " § ----- quasiparticle
5 6l 1 B 60 2 DAt A« = singlet UV
50 425 5 1 ' _‘é £ 0.6 [RGEisaesr . e triplet UV
100 194 2 3 2 Ny L1 - R
o 4f o =
500 19 8 }‘EE 0.4
1000 8 & 2 £
- S 0.2
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05 06 _07 08 09 10 § 096 e T o b

Temperature, T/T, Deposited energy [eV]
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Ingredients for experiments

m System to study: Tiny nanofabricated phase-transition chambers surrounded only by atomically
smooth surfaces and with no connection to outside world other than via 2He-A or normal liquid.

m Candidate phase-transition mechanism: Kibble-Zurek during rapid quench of large enough
bubbles which have been heated above T.

m Candidate triggering heat source: Macor cell holder inside the cryostat providing relevant heat
flux into the sample via g~ decay.
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Key figures of merit of experiments

m ND2 kept cold for 27 months in a row (from May 2023 until August
2025). 20 demagnetisation cycles.
m 2.5TB raw data collected, 80% analysed.
m Around 1000 phase transitions detected, all of which suggested to
be caused by radioactivity arising primarily from Macor.
m Cryostat vibrations (tapping, pushing, LHe transfer etc.) do not trigger
transitions.
m Lifetime of metastable A phase varies between 1 hour and 400 hours,
depending only on P and T'.
-
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Interpreting the NMR signatures

m Experimental procedure: cool the system down smoothly from normal state into 2He-A and then
past the first-order phase transition line into the 2He-B regime until phase transition takes place.
m |dentification of superfluid phase [L.V. Levitin et al., Science 340, 841 (2013); Phys. Rev. Lett. 111, 235304 (2013)]
3He A phase ( d 1 Z) Af =—=Afa, XA = XN+ [P Heikkinen et al, Nat. Commun. 12, 1574 (2021); Phys. Rev. Lett. 134, 136001 (2025)]
He-B, phase (A=2;60 =104°): Af 0,15, < Ix-
3He-B_ phase (A L %0 =m): Af <—Afa,xp_ < Ax-
m Combination of field and confinement allows both the stable B+ and metastable B_ configuration.

R Y P —— A

N B, A—B nucl. T P=5.5bar

~ 0.0 Stable go865] Lz 1som T 0004,

&£ L =-§, /T_ 2 5 -

.%‘1.0* A Tcslab’ . = —— . 4; ‘‘‘‘‘‘‘‘‘‘‘‘‘‘ E """"

> | s e :

2 -2.0} Metastable P=55bar 1 & 9855 e o :

S L =8, T,=15mK :

gi')-' 3.0 D =0.7 um 8 6 4 2 0

- B. T =077, € 130[ Trw= —T0uRIRour ==
- - - - - ‘ - - - £145 THe=TC=1.52mK1
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ng supercooling and superheating observed. 22 bar example.

m Stronger supercooling than observed m Very vertical walls: no corners for A phase seeds to
before (orange circles). Supercooled A exist in when lakes in B phase. Shore is normal.
phase accessible over full P range. Warming >

m No reason to believe more supercooling C-C - D~ DD~y
WOUIdn’t be pOSSible. NO catastrophe [N. Zhelev et al., Nat. Commun. 8, 15963 (2017)]
line. No sweep-rate de;:endence. m Random process: different lakes superheat different

Supercooling of *He-A degree upon various warm ups. Tap =~ 2.20mK.
» ¢ R 29866
07T * x° ° | 986.4

2 25f o “ . % o86.2

Qo - I N

~ 20 ¢ e A & 986.0

= 3

S5 151 T & 985.8

n O - - & BaAnj\uc\. T

§ 10 F b 985.6 = Lot s 2amk

| O . o 9854 Lakes 2+5: 2.26 mK
0 . . O bg 24—
00 020 040 060 080 1.0 £ 231 (o 2200000 _
T/T ~ 2:1 Tsp =38 pK/hour
20 -15 -10 -05 00 0.5 1.0 1.5
[P. Schiffer and D. D. Osheroff, Rev. Mod. Phys. 67, 491 (1995)] Time from T (h)
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a 987

A—B nucl. times A—B nucl. times
986 E Lake 1:36.17 h Lake 1: 2.35 h
~N | Lake 2:2.20 h N Lake 2:3.85h
< 985 ‘ B Lake 3:12.21h T B Loke 3716 h
‘; I Lake 4:2.05h g I Lake 4:3.90 h
2 984 [ Lake 5:7.55 h ! Lake 5:7.86 h
S
& 983
C
982
981
b 1.060 d .
< 1.055 | Tue=T, =229 mK < 1.055 1 The=T. =229 mK
g 1.050 | — = Ty reaches constant 1.40 mK é 1.050 1 ’— = Tye reaches constant 1.40 mK
L 1.045 Kdamaprant P tporesnfaets 5 1.045 R I
1.040 - 1.040
0 5 10 15 20 25 30 35 0 2 4 6 8
Time from T (h) Time from T (h)

m Cool down fast to constant 7' and wait for all the lakes to transition 2He-A — 3He-B.
m Transition times are random. Repeat multiple times to collect statistics.
m For such a stochastic process, the mean lifetime of metastable 2He-A is an important parameter.
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Collection of statistics: lifetime scales with volume

m An exponential distribution — characteristic of nucleation by a single stochastic process — for the
lake lifetimes (analogous to e.g. radioactive decay) = N = Ny exp(—t/T).

m Lifetime scales linearly with volume, as expected for radioactivity-triggered transitions. This makes
measurements more efficient, allowing collapsing the data from different lakes to a single graph.

14 Individual lakes Scaled by volume to match Lake 1
= @ lake1,7,=17.8:43h 60 Total No = 65 ]
g 12 O lake2,1,=34£10h | —— N=Noexp(-tir): ,=16.30.2h
o @ lLake3,1,=7.0£13h 50l |
S 10 @ Laked r,=46:10h |] - - - Averaged: (t)=7,=14.8+1.5h
<é © Lake5,7;=2.920.7h 40 Volumes: Lifetimes:
= 8f I V,=3.0V; 1,=(5.2£2.0)r, |
E v3 24V, 1,=(25+08)r,
2 6 30+ =31V, ,:(38+13)4—
E V5 5.1V, 1, =(6.2£2.1)1g
5 4l 20¢ @

3
E 2r R = 1 10 P=220bar R
b4 0'e0 © e The=0.61T, ) s
0 0 9@ |
0 10 20 30 40 50 0 10 20 30 40 50
Time since reaching constant T [h] Time since reaching constant T [h]
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Monotonic T-dependence of the A-phase lifetime at high P

10° T T T
10° T T T T T T ; :
[l 22.00 bar L :
i} / i
= g i %
S10°F ¢
%102 40 " Solid " E ;g: ’o// ]
e — 5 :
3 §*° [superfuas = i
3 £20 HeA 1 100k }
1 H 3
g 1 ) § 10 | He-B 4 1 P ;’
3 , % e Background rasiaten
5 Non‘nalﬁuld — * "\;hevma\ Neutrons
0 70 2 30 e GammaRays 1
100 ‘ ‘ ‘ ___ Temperature (MK) ‘ e o 1 14 12 18 14
0.55 0.60 065 070 075 080 085 090 095 1.00 Temperature (mK)
100 [P. Schiffer and D. D. Osheroff, Rev. Mod. Phys. 67, 491 (1995)]
= Fit: Schiffer-Osheroff . " . . .
£ o[l Fi: Baked maska m Earlier experiments measured lifetime as a function of
* radiation intensity and magnetic field.
ﬁ 60 - 1 [P. Schiffer et al., Prog. Low Temp. Phys. XIV, 159 (1995)]
o
o . . . .
8 ol m Data fits inspired by Baked Alaska mechanism.
Q
; _ N
| | m BA predicts 7 = Coexp (IRAT,P,Bg)/Ro1"), where
T (w N =3. Experiments found N = 3/2.
055 o0 0Es 050 055 00 055 050 o5 100 m High P/low T assumed. Fitting parameters?

TIT, in the lakes

m Low-T data at 22.0 bar fits both forms very well.
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Non-monotonic T-dependence of the A-phase lifetime at low P
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m Non-monotonic dependence at low pressures not
captured by earlier experiments or theories.
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Non-monotonic T-dependence of the A-phase lifetime at low P
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m Non-monotonic dependence at low pressures not
captured by earlier experiments or theories.

m Specular boundary condition increases the mean-free
path I and thus the cool down rate via 7, R /(wpD).
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Non-monotonic T-dependence of the A-phase lifetime at low P

=)

Lifetime scaled to lake 1 [h]

10° ,

@ 5.50 bar

m Non-monotonic dependence at low pressures not
captured by earlier experiments or theories.

m Specular boundary condition increases the mean-free
path I and thus the cool down rate via 7, R /(wpD).
m |: 3-dimensional regime; R, < Ry, < D/2.
m lI: 2-dimensional regime; R, < Ry, = D/2.
m Size of region heated to T' > T hits the container height.

0.55 0.6

0 065 070 075 0.80 0.85 0.90 095 1.00

m lll: Divergence regime; R, — oo as T — Tap.

TIT, in the iakes m In our conditions T~ 0.1-100ps, resulting in

Silicon 11

*He-A v

Silicor

n
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~ 102 - 103 K-Z seeds within a sphere of radius R..

Silicon I silicon

Silicon Silicon
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Non-monotonic T-dependence of the A-phase lifetime at low P
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Transition rate in lake 1 [1/day]

m Non-monotonic dependence at low pressures not
captured by earlier experiments or theories.

Specular boundary condition increases the mean-free
path I and thus the cool down rate via 7, R /(wpD).

I: 3-dimensional regime; R. < Ry, < D/2.

m lI: 2-dimensional regime; R, < Ry, = D/2.

m Size of region heated to T' > T hits the container height.

lll: Divergence regime; R, — oo as T — Tap.
In our conditions T~ 0.1-100ps, resulting in
~ 102 - 103 K-Z seeds within a sphere of radius R..

Comparing 7~! and energy flux from Geant4 gives a
threshold energy, above which transition probability 1.
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Non-monotonic T-dependence of the A-phase lifetime at low P

108 — m Non-monotonic dependence at low pressures not

= IH» = captured by earlier experiments or theories.

= 1071§ oy .

2402 = m Specular boundary condition increases the mean-free

E I g path Z and thus the cool down rate via 7¢ o« RP/(vgl).

g v m |: 3-dimensional regime; R, < Ry, < D/2.
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5 e 11 3 m lI: 2-dimensional regime; R, < Ry, = D/2.

- 10" = m Size of region heated to T' > T'. hits the container height.
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=10 - - m In our conditions TQ~ 0.1-100ps, resulting in

. Do i " ~10% - 102 K-Z seeds within a sphere of radius R..

3 g gy @ B ( m Comparing 7! and energy flux from Geant4 gives a

S o o © threshold energy, above which transition probability 1.

f; ; m In regime Il the size of the 2D-shape heated region

e / remains constant. Thus, as T increases and less
energy is needed to create such a ’puck’, T decreases.

0.55 0,‘60 0,‘65 0,‘70 0.‘75 0“80 0.85 0.‘90 0.95 1.00 . .
TIT, in the lakes m Perhaps this shape shields the K-Z process better.
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Non-monotonic T-dependence of the A-phase lifetime at low P

m Non-monotonic dependence at low pressures not
captured by earlier experiments or theories.

m Specular boundary condition increases the mean-free
path I and thus the cool down rate via 7, R /(wpD).

m |: 3-dimensional regime; R, < Ry, < D/2.

m lI: 2-dimensional regime; R, < Ry, = D/2.

m Size of region heated to T' > T hits the container height.

Transition rate in lake 1 [1/day]
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m In our conditions T~ 0.1-100ps, resulting in
~ 102 - 103 K-Z seeds within a sphere of radius R..

m Comparing 7! and energy flux from Geant4 gives a
threshold energy, above which transition probability 1.

m In regime Il the size of the 2D-shape heated region
remains constant. Thus, as T increases and less
— energy is needed to create such a 'puck’, T decreases.
0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00

TIT, in the lakes m Perhaps this shape shields the K-Z process better.
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Non-monotonic P-dependence of the A-phase lifetime
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Final thoughts

Cosmological phase transitions in helium-3

m Universe was cooled down only once; helium-3 allows simulating this process over and over again.
m Its versatile multi-component order parameter gives access to both 1st and 2nd order phase
transitions, and various different models.
m The present focus has been in characterising (experiments+simulations) the heated-bubble
triggered phase transition from 3He-A into 2He-B by Kibble-Zurek mechanism.
m Instead of a direct transition, part of 3He-A heats into normal state and then converges into 3He-A or
3He-B as the bubble quenches through the 2nd order phase transition.

Future

m Characterise by simulations / analytically the microscopic details of evolution and clustering of the
K-Z seeds forming the winning superfluid phase after the quench.

m Simulate over wide (T', P) the threshold size of the heated region for the B-phase win probability.

m Clarify the arguments proving K-Z vs single-seed and heat diffusion vs BA. Write a paper.

m Remove the radiation source(s) from the cryostat to access the possible intrinsic mechanism(s).

m Experimental probes for the predicted generation of defects and the phase-boundary dynamics?

m The cosmological analogue of a heated bubble in the early Universe? Metastable vs. stable
versions of the early Universe (type of multiverse)?
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Final thoughts
| s | PR S e sm

&
SUBSCRIBE!

New cell holder:

50-50 mixture of Stycast 1266 and fine
Si powder (99.995%, trace metals).
Should we radioassay this material?
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Transitions from A to either B, or B_: Dimensionality?

m Combination of field and confinement allows both the stable (B, : i =2;60 =104°; Af = 0) and
metastable (B_: n 1 z; 0 = ; Af <0) configuration of the B-phase order parameter.

m Transitions taking place above 0.85T. approximately 40% of time into B_; below 0.85T. only
transitions into B,. In few occasions a subsequent transition from B_ into B .

A— B nud. times m Related to heated region reaching
Lake 1: 12.36 h . .
Lake 2 12.61 h the container height?
Lake 3: 0.85 h
Lake 4:2.20 h 1.0 T T T T T T T T
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A-to-B phase nucleation puzzle

m The mechanism of the first-order phase transition between 3He-A and 3He-B, 50+
years after its discovery, is still unresolved.

m Intrinsic processes predicted never to take place.

Overall free-energy gain
AF

AF(R) = 4nR%s, - (4n3)R¥(F, - F)

A= AFRO{---=-="" .
Stable phase -
bubble radius|

R

]
[P. Schiffer and D. D. Osheroff, Rev. Mod. Phys. 67, 491 (1995)]

m Homogeneous nucleation by thermal fluctuations alone.

m Due to large critical size of B-phase bubble, R, =20 AB/AF Ap ~ 1HM, predicts lifetime of metastable
supercooled A phase larger than the age of the Universe. (a. u. Leggett, suTP 87, 571 (1992)]

m For comparison, nucleation of ice from supercooled water requires only R = 4nm.
m Macroscopic quantum tunnelling with or without resonant effects.

m Theory suggests extremely slow nucleation rate for pure tunnelling. (. gaiin and . Love, J. Phys. A 13,271 (1980)]

m Nucleation probability could have 'resonances’ at certain combinations of temperature, pressure, and
magnetic field. Possibly tunnelling via intermediate phases between 3He-A and 3He-B.
[S.-H. Henry Tye and D. Wohns, PRB 84, 184518 (2011)]
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A-to-B phase nucleation puzzle

m However, in the lab the phase transitions are routinely observed, thus very likely
triggered by extrinsic means.
m Need to be understood — and cancelled if possible — to gain access to intrinsic mechanisms.

m Nucleation by radiation. Stochastic process.
m Experimentally shown that y-rays and neutrons have a clear effect. Role of cosmic rays as background
effect less clear. (. schiffer and D. . Osheroff, Rev. Mod. Phys. 67, 491 (1995)]
m Various competing theoretical scenarios. (a. J. Leggett, PRL 53, 1096 (1984); Yu. M. Bunkov and O. D. Timofeevskaya, PRL 80, 4927 (1998)]
m Impurities / rough surfaces / textural singularities. Likely to have a cooling-rate dependence.
m Flow of superfluid around sharp edges/corners due to thermal gradients or vibrations can nucleate B
phase. [M. O'Keefe, B. Barker, D. D. Osheroff, Czech. J. Phys. 46, 163 (1996)]
m |n a cell with non-polished surfaces nucleation predominantly occurs at certain locations.
[G. W. Swift and D. S. Buchanan, Jpn. J. Appl. Phys. 26, 1828 (1987)]
m Seeds or surface pockets as a source. History dependence. s.saiter etar, Ju1 120, 293 (2000)]
m Extremely rough surfaces (such as sintered heat exchangers) can house isolated volumes of distorted
order parameter, connected to rest of the sample by narrow channels. (v. Tian et at, Nat. Commun. 14, 148 (2023)]
m Catastrophe line. (kieinberg, Pauison, Webb, Wheatley, JLTP 17, 521 (1974) and 23, 725 (1976); P. J. Hakonen et al, PRL 54, 245 (1985)]
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