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e Superfluid He-4 and He-3

* Brief introduction of BCS theory and Cooper pair
* Introduce aerogel into He-3

* |dentify the superfluid phase in aerogel



Superfluid!

 He4 is superfluid under nE@E
T. =2.1K

 Discovered in 1937 by
Pyotr Kapitsa, John F.
Allen and Don Misener

Source: https://youtu.be/2Z6UJbwxBZI



https://youtu.be/2Z6UJbwxBZI

Superfluid!

* Viscosity — 0

 Canclimb up wall and
leaks!

Source: https://youtu.be/2Z6UJbwxBZI



https://youtu.be/2Z6UJbwxBZI

Helium-4 is a boson...

* Electron, proton and neutron
carries % spin (fermions)

* |nteger net spin(1/2 * 6 = 3)

* Boson!
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https://commons.wikimedia.org/w/index.php?curid=18645324

...50 it forms Bose-Einstein Condensate

* Can stack at same =
energy level o,

* Behave like a giant
single wavefunction
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and all of them can be described by a single collective quantum wave!

Source: https://youtu.be/okZmnB3Hhb4



https://youtu.be/okZmnB3Hhb4

But F

elium-3 is a fermion, so it does not

become supertluid...

* Half integer net spin (1/2 * 5 =5/2)
* Fermion

* Obey Pauli exclusion principle

* Cannot stack at same energy level

* So it does not form superfluid...

® Electron ‘ Proton ‘ Neutron

Fig. Helium-3 atom



...0r Does it?



BCS theory

Proposed by Bardeen, Cooper
and Schrieffer in 1957

Pair electrons form a bound
state (Cooper pairs) via
phonon-electron interaction

Phonon: lattice vibration

phonon interaction

. . Cooper pair
of electrons
2100 nm
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electron
Source:

Cooper Pairs and the BCS Theory of Superconductivity (gsu.edu)



http://hyperphysics.phy-astr.gsu.edu/hbase/Solids/coop.html

BCS theory

Coulomb force between
electron and ion deform the
lattice

Creates a positive charge
distribution

Attracts another electron,
forming Cooper pair

(The figure is just an
illustration! Don’t take it too
seriously)

oper pair
le

Fig. lllustration of electron-phonon
interaction. Note that the direction is
wrong! Just take it as an illustration.
Source: https://youtu.be/zGPb04wg 50



https://youtu.be/zGPb04wg_5o

BCS theory

In general, any attractive
force can induce pairing (can
be other than electron-
phonon)

Cooper pair has integer net
spin! Expect bosonic
behavior

Source: https://youtu.be/zGPb04wg 50



https://youtu.be/zGPb04wg_5o

BCS-like pair condensation of He-3

Van der Waals potential

Attractive potential! Cooper
pairs can form!

Bosonic He-3 quasiparticle!

Strong repulsive at small
distance suggest non-zero
orbital angular momentum!
(Wave function vanish at
zero distance)
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Fig. lllustration of the strong repulsive and weak attractive
nature of van der Waals force. Note this figure shows the
Lennard-Jones potential, which may not be a good
description of the van der Waals force at low temperature
limit.

By TimeStep89, CC BY 4.0,
https://en.wikipedia.org/w/index.php?curid=65521054



https://en.wikipedia.org/w/index.php?curid=65521054

..We finally have superfluid He-3!

* |n 1972, superfluid helium-3 K s
was discovered (35 years after S of
superfluid helium-4!) S
« T.=0.0025K,~1/1000 of He4! :LE N
n
e But...Why is He-3 more 0 , e oS
interesting? <0001 0001 001 01 1 10100

* Note the two superfluid phases
(He4d only has one). Why?

Temperature (K)

Source: Erkki Thuneberg (2003),Helium (tkk.fi)



http://ltl.tkk.fi/research/theory/helium.html

Superfluid He-3 phases
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Fig. The possible states in a two-dimensional model

liquid of particles with two internal degrees of freedom.

Red: spin angular momentum, Black: orbital angular
momentum

Source: Press release. NobelPrize.org. Nobel Prize
Outreach AB 2022. Tue. 25 Oct 2022

spins =1

orbital angular momentum [ = 1
Two degrees of freedom!

(a):invariant under rotations in spin
and orbital space

(b)-(e): different types of long range
order -> broken symmetries

(d): Rotational symmetries in spin and
orbital space are broken

(e): Relative orientation of the spin
and orbital degrees of freedom is
broken

Richer behavior compared to He-4!



We are also interested at disorder!

n-doped silicon p-doped silicon

* Want to know more about the superfluid
behavior? Add impurities!

e Usually, very little impurities are enough
to destroy the Cooper pairing.

* BUT superfluid He-3 exclude impurities Fig. Doping in semiconductor as an

(even He-4 |) analogy of impurity effect in superfluid.
Source: Doping | PVEducation



https://www.pveducation.org/pvcdrom/pn-junctions/doping

Aerogel as a game changer

* 98% porosity aerogel is used
»silica is not evenly distributed

* He-3 quasiparticle scattering inside aerogel
can break pairs

e Quasiparticle mean-free-path A
* Correlation length &

Fig. Aerogel Structure Simulation

»New parameter % to control “lifetime” t of
Cooper pair
§ ol

S

* Higher 1, less easy to break pair, stronger
superfluid state



How to make Aerogel

* Made of silica nanoparticle (SiO2)
* ~3 nmin size

* Synthesized by catalytic reaction

* Aerogel with methanol is soaked
in supercritical CO2

* Slowly remove CO2

Fig. typical aerogel

* Details: NileRed - Making aerogel



Mean-free-path A of aerogel

* Parameter of aerogel

* Mean distance travelled by
quasiparticle (Cooper pair)

e ¥180 nm

* Fixed by aerogel structure, independent
of pressure Fig. Aerogel Structure Simulation



Correlation length & of aerogel

* Another parameter of aerogel

 Largest void

e Controlled by pressure
* High pressure =>¢ =16 nm
e Zero pressure =>¢ =70 nm

Fig. 2D view of a 3D simulation of
the aerogel illustrates the strand
size d and the correlation length ¢,
the largest voids.



Torsion pendulum

. , I
B Straty-Adams capacitance gauge ° Pe ri Od T — 21-[ o
- F - with Mg plates, %

Sensitivity: 1 mbar

* liotal = Icylinde'r T Ihelium,n

BeCu diaphragm

thickness = 0.76 mm
N »Superfluid feels no friction (kind of)
oD =143 mm . .
widths = 0.15 mm, 0.30 mm >VLSCOSlty — ()
s Toron o e Expectation: more superfluid,
0D =& mm shorter T
k. length = 1.59 em
To mixing chamber
Ps

 Superfluid fraction = D

* Can be calculated by the change of
T

Fig. typical set-up for torsion pendulum



Torsion pendulum (Result)

04T * Point to note:
e — 5bar
z atmospheric pressure = 1.01 bar
E
SR * More pressure applied
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Fig. The superfluid fraction as a function of ° nghel’ Su perﬂUld fraction

temperature and pressure

* Higher Onset Temperature

In case you forget: & correlation length, A mean-free-path, t “lifetime” of pairs



NMR and frequency shift

AT A
 Pair could have larger S than a
a Container — = f H Z Single atom
wncos S |  Recall:
,% A phase (high P, 2.5 mK):
- =F_ - 11> +]1]>
Coil for 0 1020 3%0 40 50 60 * B phase (low P, 0.9 mK):
field minimum Magnon condensate Ime, S
L 6mm P Distribution of A |TT> * |l'l’> * |Tl+lT>
* NMR measures the resonance
Fig. typical NMR experimental setup frequency Of the particle by 3

homogeneous B field



Aw/27 (Hz)

NMR result
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Fig. NMR frequency shift Aw away from the
value for a normal fluid

* Aw = frequency shift from
normal state

* Higher pressure

»More away from the normal
state

e Confirm the result from torsion
pendulum experiment



Comparison with theory
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Fig. Pendulum result Fig. NMR result

e 2 experiments obtain same result
* Imagine flipping the graph by 45°

T./T,

1.0 T T T T
30 20 10 5.8
0.8 Pressure (bar) -
0.6 N
0.4 .
0.2 .
00 1 1 1 1 1
0.0 0.1 0.2 0.3

g,/ A

Fig. theoretical curve from
Abrikosov-Gorkov theory
with modifications

» Similar to Abrikosov-Gorkov theory for superconductor

Note: different x-y axis in different graphs!!!



Relation to other fields

* Quantum amplifier

* Weak interaction (e.g., nuclei dipole-dipole
interaction) may reflect on macroscopic
coherence

Temperature

Ferromagnetism

4

’ .
, Triplet

* Unconventional superconductors e

UTe, UCoGe URhGe UGe,

* Some are “heavy-fermion systems”, which can = "™ Glerea voment ——

inherit the concepts developed for superfluid

He-3 Fig. UTe2, a spin-triplet superconductor,
also a heavy fermion superconductor
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