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Introduction to superfluid 2He
m Effect of confinement on phase stability
= Tuning the boundary condition for scattering of
quasiparticles
Details of experimental setup Confined helium
m Nanofabricated atomically smooth cavities ety Lkl o
m D ~¢p: Bulk properties eliminated; surface Bulk helium
effects dominate (far end)
Summary of main results so far
m Chiral superfluidity in quasi-2D limit ‘ ’ Silicon
m Magnetic spin-flip scattering wafers
m Spatially modulated phase
Future prospects
m Early universe phase transitions m Allows to characterize surface pair breaking in
m Low-field NMR the absence of defect and impurity scattering.
= Thermal transport
m Size quantization

Type of confinement in this work:

Bulk helium
(fill line)

Support pillars to maintain
constant cavity height
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Phases of superfluid 3He in bulk

m Firmly established unconventional spin-triplet p-wave 40 : :
superfluid with S =L =1. Solid

| Spin-% particle: good for NMR.

m Extremely pure sample at the lowest temperatures; even
4He impurities “frozen” on the sample walls.

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

w
o

_Superﬂuids
3He-A

Pressure (bar)
N
o
T

-
o
T
w
ac
¢
w

Normal fluid

1
0 1.0 2.0 3.0
Temperature (mK)

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

[,=1,5=-1 L[,=0,5=0 L =-1,5=1
A”jzei(pARW'(ﬁ,e); \I’:ei(PA( %p + ?Zé + 4% ),Lzz—Sz @

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

L,=1,S,=1 L=1,S=-1
Ayj=ePAdy (1 +iR;); \P:eiM( s+ %32)

[Gap illustrations by J. Sauls]
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Phase suppression under confinement

= In bulk at low pressures, time-reversal invariant 2He-B is the stable phase.
= Anisotropy at the walls, where the preferred orientation is 1| z; only L, + 1 pairs exist.

L,=1,S=-1 [,=0,5=0 L[ =-1,5=1 L =+1

‘I’:ei‘PA( %D + ?:g + 4% ),Lz:_sz 11 L =0 °

0 0
Distance from the wall, z

m In strong confinen)ent D ~ 69/, the effect of walls ranges over the whole sample: A = A(2).
Ly t<S> 3
Cooper He
ZT pair “&g %?L I D~&,(P)=20-80nm
7 4

m B-phase gradually develops planar distortion as D decreases: g 20

et (Au(z) ﬁ'&; thLe) ﬁig +Ay(2) ?/ )’LZZ_S‘Z e,
2k,

2.

m Finally, confinement D S 10 forces A (z) = 0. (a 8. vorontsov and J. A. Sauls, PRE 68, 064508 (2003)] 5 20 Aclkephase 4y

15

L=1,5=-1 L=-1,5=1 L=1,5=-1 L=1S=1 310
W planar = A (2) + Wa=4y() + gt ZD'S
planar I 2 |’ I = 0'0012325678
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Phase-diagram modification

' D=1.1um (D/g, > 10) D =07 um (D/&,: 8-17) D =192 nm (DJ&; 2.5 - 5)
Bulk helium-3 IN. Zhelev et al., Nat Commun. 8, 15963 (2017); [L. V. Levitin et al., Science 340, 841(2013);  [PJH et al., Nat. Commun. 12, 1574 (2021)]

L.GV, Levitin et al,, PRL 122, 085301 (2019)] PRL 111, 235304 (2013)] D =80 nm (DI, 1.0-7)
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Quasiparticle scattering boundary condition

m Any roughness at the surface results in suppression of gap and T, in confined p-wave systems.

[V. Ambegaokar et al., PRA 9, 2676 (1974); L. H. Kjaldman et al., JLTP 33, 577 (1978); A. B. Vorontsov and J. A. Sauls, PRB 68, 064508 (2003)]

m For purely momentum scattering of quasiparticles, boundary condition is characterised by

specularity S.

[Y. Nagato et al., JLTP 110, 1135 (1998); A. B. Vorontsov, Phil. Trans. R. Soc. A 376, 20150144 (2018)]

P Specularity S
Retroreflective -1<S8<0 Diffuse 0<S<1 Specular
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Quasiparticle scattering boundary condition

Experiments

m Pure 3He in the slab forms magnetically ordered Iayer of “solid” 3He. [A. 1. Ahonen et. al, J. Phys. C. 9, 1665 (1976)]
= Preplating with heavier “He replaces 2He atoms on the surface.

m Tunes scattering towards specular. . a. richie ot at, PRL 59, 465 (1987); M. R. Freeman and R. C. Richardson, PRB 41, 11011 (1990)]
m Onset of specularity coincides with superfluid transition of *He film.

[D. McQueeney et al., PRL 52, 1325 (1984); S. M. Tholen and J. M. Parpia, PRL 67, 334 (1991)]

P> Specularity S
Explainable by momentum scattering
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[P. J. Heikkinen et al., e e s s

Nat. Ccml'nun.12,1574(2021)]I e MJT‘ t
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Summary of order-parameter modification under confinement

Confinement favours A-like phase via anisotropic surface pair
breaking

m Determines which phase is the stable phase
m Effective confinement D/¢( tuneable by pressure

Quasiparticle scattering boundary condition can suppress all
order-parameter components

m Determines the superfluid transition temperature T'
= Tuneable by 4He concentration
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Nanofabrication

Standard silicon nanofabrication techniques Infrared imaging to
[N. Zhelev et al., Rev. Sci. Inst. 89, 073902 (2018); detect defects
S. Dimov et al., Rev. Sci. Inst. 81, 013907 (2010)]

FEM modelling for cavity distortion:
@100 pm pillars; 1.0 nm/bar
@200 pm pillars; 2.6 nm/bar
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NMR setup
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Orange: slab of helium
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exchanger

= SQUID-NMR experiments with Larmor frequency ~ 1 MHz (By = 32mT).
[L. V. Levitin et al., App. Phys. Lett. 91, 262507 (2007); SQUIDs from PTB, Berlin: D. Drung et al., IEEE Trans. Appl. Supercond. 17, 699 (2007)]

= NMR pulse tips the spin of the Cooper pairs by an angle g:
L,=1,5,=1 L,=1,5=1

NMR pulse
f——
—

m As S rotates relative to L, the dipolar interaction (torque) results in NMR

frequency shift £2 - £2 oc (A%(2)).

m In a slab where D <« &p = 10 um, uniform precession
determined by spatially averaged gap (A?(z)) .

m Frequency shift characteristic for each superfluid phase.

m Either negative or positive, depending on whether the
pre-tipping state is in (local) maximum or minimum of spin-orbit
energy, respectively.

m Configuration S,H,L || z: 3He-A negative Af, 3He-B positive Af.
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Chiral superfluidity in quasi-2D limit

= 80 nm high cavity, superfluid “He boundary condition (6+ layers). = Almost fully

® Equal-spin-pairing state, negative Af o — cos f. unsuppressed Tc = Teo.
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Measurement of strong-coupling over full pressure range

m A-phase frequency shift in a slab (for small f ~ 1°): |£2 = f2| = {(P)(A3(2)).
m Near T, (A3 (2)) o< (1= T/T).
m Universal scaling, using initial slopes, between calculated (Ai(z)} and measured Af.

40

—— Theory: P-corrected weak-coupling, bulk *He-A
= = Theory: P-corrected weak-coupling, S = 0.98
----- Theory: Weak-coupling

8

P =21.0 bal

8

m No strong-coupling calculations
of bulk Aa over full P —T plane
exist.

m Strong-coupling
quasiclassical theory shows
excellent results for bulk AB
transition line and specific

heat. [J. J. Wiman, PhD Thesis, Northwestern
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Boundary condition tuning, D = 200nm

m Three boundary conditions, each resulting in T— ot Spoter 5100 = Almost perfectly specular and
d|ﬁc-_3rem transition temperature T’ in the o [ pel e (S-0s) close to diffuse boundary
cavity. o| T et - -0.40 conditions created.

—— Retroreflective (S= - 1.00) . . -
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= H e @ 7. solid ‘He . .
50| @ Boundany: So e : e | 4 7 soiehe suppression of T unexplainable
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o Do Soper : &3 by geometrical differences.
- / 2 = Magnetic properties must be
g 100 Filine . taken into account!
s ulk marker H 1
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Spin-flip exchange scattering

Momentum scattering

. —— Specular (S=1, ¢ =0) 20 T=0.80T ) i
= Non-topological surface-bound states AR Rorgphe P
(Andreev bound states) in 3He-A: 2 NN\
. %10 . Y0
m The less specular the surface the higher the i Energyorses: o & | o7
. [} Esps 1 0.5}/ X Spin-dependent scattering from magnetic layer
density of states at zero energy. | Taosesy e, i, 10 I+
. . ' ¢ is the scattering angle; ' 0.0L= H Su=$S NG
= Specularity connects T suppression, gap " yplaneroaionin | o[ =040 "
. momentum space for skew | ™ AN ;5‘%;;/ 7
suppression, and surface DOS. | scateringin*He-A. 2 TR
. . . . X I [A. B. Vorontsov, Phil. Trans. R. | Spin-flip exchange scattering
m Pair breaking beyond diffuse indicates p oLl NG
increased density of low-energy bound states. T i

m Three possible mechanisms generating an
excess of low-energy bound states.

m Backscattering and suppressive scattering
from static magnetised boundary not
compatible.

m Plausible mechanism: magnetic exchange
scattering. Allows spin-flip processes.
Requires S #0.

[PJH et al., Nat. Commun. 12, 1574 (2021)]

Surface of cavity, z=0
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Spatially modulated order parameter

m A-phase states 1| z and 1|| -z degenerate. L. B ol Siens 340, 841 G013, son Jﬁﬁs“p”eéﬁ/;:a‘.;”
PRL 111, 235304 (2013), PRL 122, 085301 (2019)]

m Coexistence of two B-phase spin-orbit
orientations (stable and metastable) separated
by textural (soft) domain wall possible.

m Existence of B_ follows from combination of
H > Hp and confinement.

m Pair density wave: Spatial modulation of
confined B-phase, i.e., spontaneously formed
hard domain walls where A changes sign.

5

<
2

5

2

2

4
a

05 1.0 E
Temperature (mK)
Slab with diffuse walls

|
Side view }
K i

i

i

i

Fill line
bulk marker

Pressure (bar)

q/Q=1 q/Q=0 q/Q~05
_. 1.0
T
. H H < 0.0
Uniform  Stripe  Proposed %.1,0
phase phase  phase 2
. X . £ -2.0} Metastable TDW B.
m Domains reduce surface pair breaking. g =5 bbb
. . g-3:0 P = 5.5bar
m Experiment points towards 2D PDW. = a0l 2 Thik = 1,5 mK|
Th : -4. .
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Temperature T/T
Recent work on 2D PDW: T. Mizushima et al.
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Building blocks for future

[he sculpture of the superfluid

Channels
and
posts

Clean well-defined
interfaces Stepped cavities

(and domain walls)
Isolated volumes

Engineered
anisotropy
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A-B transition under confinement

= Mechanism for the first-order phase transition between 2He-A and 3He-B is still unresolved.
m External (cosmic rays or boundary effects), or intrinsic (resonant tunnelling, intermediate state)?
m Laboratory-based analogue to early-universe phase transitions.
= Homogeneous nucleation theory predicts lifetime of supercooled A phase ~ age of the universe.
= Phase boundary propagation = gravitational wave production.

Tsolation barier

Quantum Enhanced
Superfluid Technologies for
Dark Matter and Cosmology

90mm

m |solated volumes with atomically
smooth boundaries allow tuning
between normal, B, and A phases
by pressure.

904
H-21A KILINANJARD/HURDN-1 €2 H-21A KILINANJARO/HURON-1 C2

© D=75nm D=68um |- D=1.0um
m A-to-B transition on cooling within :
the deep “lakes”.

m B-to-A transition on warming on top
of the “mountains”.

T
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Thermal transport in confined volumes

lllustration of multi-height design

m Stepped confinement to create one or several

Connection to hst xchanger

- bridges
B s ‘ = clean S-N-S or 3He-B to ®He-A interfaces

°He-B He-A He-B

m Flexibility of fabrication allows for more complex
designs.

Photomask used in nanofabrication m Anomalous thermal response in 1.1 um high

‘Thermal Ground

Heater

channel. [D. Lotnyk et al., Nat. Commun. 11, 4843 (2021)]
Various ther:nalitrarsport m Role of surface and edge excitations?
n single
P _
ToT,and T,t07, = Anomalous thermal Hall effect in °He-A.
Thermometers K, across the cavity [P. Sharma et al., arXiv:2209.04004 [cond-mat.supr-con] (2022)]

T,to T, m Requires specularity S < 1.
CEECEOIENEES = Would confirm chirality and the nature of
surface scattering.

,V[
TS'O 5
X thermal Hall conductivity «,, . . . L
Optical profilometry after fabrication | Multlproblng with local sensitive thermometers.
Jsornan, = Miniaturised current-sensing noise
L oy \5“ thermometers will be prototyped first.

& [A. Casey et al., JLTP 175, 764 (2014)]

D=95nm UNIVERSITY OF MICHIGAN
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Size quantization and gapped chiral superfluidity

= Purely 2-dimensional 3He-A is fully gapped: no nodes in the Fermi surface.
= Dimensional quantization under confinement results in a set of allowed substates of &, below k.

= Allowed values: k, = 73

B Ap=Agsinf; Ekp(P=0)=7.9nm™!

‘ 2\ 12
msinf=(1-=%

2

kg

m Assume k,(ng)=kp:ng= kFTD
9 1/2
kr [From P. Czoschke et al., PRB 72, 035305 (2005)] = AA(n) = AO (1 — n’—2)
)
[From D. Vollhardt and P. Walfle, The Superfluid Phases of Helium 3 (1990)]
9 1 1/2
] n=n0—1:AA(n)=A0(n—0—n—%
m D =40nm = ng = 100 and min(Ap) = 0.14Ag. D =10nm = ng = 25 and min(Ap) = 0.28A¢.

m If D and P chosen so that k,(ng) # kr, fully gapped chiral superfluid with gap min(Ay)
m Access to chiral Majorana edge states and ground-state edge currents? (. a. sauss, PRB 84, 214509 (2011)]
m Edge-induced quantum Hall effect? (e. e. volovik, JETP Lett. 55, 368 (1992))
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NMR at low magnetic fields

Broadband NMR = Topological phase transition in 3He-B at

H=H*=~25mT ~100kHz for H | z.
m Massless surface states (Majorana fermions)

I;cgmg acquire mass.
electronics = Anomalous enhancement of the surface spin
susceptibility at H = H* arises from odd-frequency
Q-spoiler even-parity pairing of the surface states, as
m C. P. Lusher et al., Appl. Supercond. parametrised by topological order [, :
6, 591 (1998) . Ysurf = AN + /1_- igxop n inEP
m Superconducting flux transformer. - -
m No fo, freedom to tune By. 0. L=+

m Better signal-to-noise ratio than
tuned setup below fy ~ 100kHz.

m First will be used to study solid 2He
boundary condition at lower fields.

D
[T. Mizushima et al., J. Phys.: Condens. Matter 27, 113203 (2015)]
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Helium-3 helping to cool down quantum circuits

m Immersing quantum device to liquid helium-3 allows it to cool down to previously unexplored
sub-mK temperatures. [M. Lucas et al., arXiv:2210.03816 [quant-ph] (2022)]
m The decohering environment cools down via 3He acting as a heat sink.
m Relaxation rate of bath of two-level systems dramatically increases.
= A promising way to understand and suppress noise and decoherence in quantum circuits in the future.

Quantum bath ion in a ing circuit by i ion cooling

M. Lucas?, A. V. Danilo?, L. V. Levitin!, A. Jayaramar?, A. J. Casey!, L.
Faoro®, A. Ya. Tzalenchuk!, S. E. Kubatkin?, J. Saunders!, and S. E. de Graaf'*
" Physics Depargment, Royal Holloway Universit of London, Egham, United Kingdom

" Department of Micrtecknoloy and Nenasciencs MG,

3816v1 [quant-ph] 7 Oct 2022

Chalmers Unisrsity of Techmoloqy SE-{12 96 Gitebory, Socien

le Quantum A1 Google Research, Mountain View, CA,
B ‘Physical Laboratory, Teddington TW11 OLW,

Quantum circuits interact with the environ-
ment via several temperature-dependent degrees
of freedom. Yet, multiple experiments to-date
ave shoven that most properticsof uperconduct-
ing devices appear to plateau out at T =
far above the refFigorator baso femperature. This
is for example refiected in the thermal state popu-
lation of qubits [1-4], in excess numbers of quasi-
particles [5], and polarisation of surface spins [6]
~ factors contributing to reduced coherence.
demonstrate how to remove this thermal con-
straint by operating a circuit immersed in liquid
his allows to efficiently cool the decohering
of a resonator, and

USA and
mited Kingdom

coherence times [11], frequency licker noise [12, 13], sur-
face clectron spin polarisation (6], and qubit flux noise
[14]. Improvement may be achieved by reducing the heat
load external sources, such as ionising radi-
tion [9, 15, cosmic particles 16, 17, and high frequency
Dhotons [5, 18, 19] by careful shielding and fltering. This
approach has had a lot of success over the years and is
still a subject of intense research and technical devel-
opment. However, further progress cannot. be achieved
withont taking due care of the circuit’s material environ-
ment, for which, unexpectedly, further cooling can lead
10 increased noise and decoherence.

Although naively one would think that cooling a su-

we see a continuous change in measured physical
quantities down to previously unexplored sub-mK
temperatures. The *He acts as a heat sink which
increases the energy relaxation rate of the quan-

tional circuit losses or noise. Such quantum bath

route for both thermal and
coherence management in quantum processors.

Heikkinen (RHUL)

circuit. to the lowest. possible temperature
would freeze out any noisy mment, this is only
partly true. To suppress decoherence originating from
equilibrium quasiparticles [5] or residual thermal qubit
excitations [1-4] the temperature shall be significantly
below relevant enerey scales, i.e T < 300mK for a device
operating at 7GHz. However, well below these temper-
atures other decoherence mechanisms, in particular that
mocate with the dielectric environnent o the device,
come into play. Di s contain defects, which act
= s lovl patems (TLS) and counter-imively, neis

Superfluid heliu

s $Dms Phonons

Environment DJ/_

:
Environment <

under col

ineme

Heat exchanger |

TLS medium
(dielectric)

‘Immersion cell
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Current results

m Superfluid 3He order parameter can be modified by combination of mesoscopic confinement and
quasiparticle scattering boundary condition, and measured by SQUID-NMR.

m D =80nm: Chiral 3He-A survives down to quasi-2D limit D/&y = 1

m D =200nm: Magnetically active solid 3He boundary layer results in additional, unexpected,
suppression of superfluid transition temperature.

m D =1100nm: Evidence for 2D spatially modulated phase.

Future directions

m Studies in even thinner cavities to gain access to chiral Majorana states at the edges.
m Studies at lower magnetic fields.

m Fabrication of hybrid nanofluidic structures by varying cavity height and by adding islands in the
middle of the slab to expand studies of topological mesoscopic superfluidity.

m Well-defined interfaces and phase boundaries.

= Thermal and spin transport. Hall effects.

m Phase nucleation: cosmological relevance.

m Control of domain walls, surface and edge states. Surface and edge currents.

P.J. Heikkinen (RHUL) Superfluid helium-3 under confinement
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