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Discovery of Helium

Pierre Jules César Janssen Sir William Ramsay
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Phase Diagrams of 3He and “He
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Solid Phases

bce phase much larger for 3He
mm) |ess dense because of
higher zero point energy

zero point energy unimportant
at high femperatures
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Specific Heat at the Superfluid Transition
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Superfluidity: Flow Through Thin Capillaries

Hagen-Poiseuille law
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Experimental result:

flow velocity is independent of pressure
and increases with decreasing diameter
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Temperature Dependence of Viscosity

flow through capillary rotary viscosimeter oscillating disc
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Three different results and all experiments are correct! What is wrong?
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Beaker Experiments
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Fountain Effect

Heater

Powder
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Thermomechanical Effect

direction of mass transport
is opposite to heat transport

very thin capillary (superleak)
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Second Sound: Temperature waves

Heater

Thermometer .
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Two Fluid Model

basic idea

Density ps, Py
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Two Fluid Hydrodynamics

IT\ClSS ﬂOW J —_— ann _|_ vab

do

mass conservation — = —divy
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Euler equation +ov - gradv = —grad p
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entropy conservation =

= —div(oSvy)

equation of motion Ovs _ S orad T — 1 i
superfluid compontent 9t shd , Bradp
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Viscosity Experiments

Flow Through Capillaries:
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=== Viscocity depends on mean free path of excitations

Oscillating Disc Viscosimeter:

Viscosity 11/ uP

Product of normal fluid density and normal fluid
viscocity is observed
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Beaker flow: Helium films
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Thermo-mechanical Effect

In equilibrium:

v, _ 1
(’v - = Sgradl — —gradp =20
ot 0

—

(H.) London equation:
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Sound Propagation

From two-fluid hydrodynamics:

%0

L 2
g2 = VP

Can be transformed into:
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First Sound Second Sound
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Specific Heat
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Macroscopic Quantum State

Macroscopic wave function W(r) = 1y e#)

S / 2 \'Q S
V¥ = ol =
My

—ihV = p) p = hVp(r) = myvs

h

Quantized circulation
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Quantization of Circulation
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Vortices with Quantized Circulation

7T=0,1K
d= 2 mm
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Determination of p, Andronikashvili 1948

P Ligquid Helium

. Al-discs

2.0 2.5 3.0 3.5
Temperature T/ K

50 Aluminium discs o Andronikashvili

Thickness 13 um
Diameter 3,5 cm ® Second Sound

Distance 210 um
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Excitation Spectrum of superfluid 4He

Well-defined collective excitations

Phonons and Rotons
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No single particle excitations
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Theory: Landau
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Concept of a Critical Velocity

T =20

one excitation with: energy £ and momentum p

energy conservation

1 - 1 2 .
s.f"\/l'l’_) = sif"\/l'l’!H + &

momentum conservation
Mv —p = M

Critical velocity
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THE ROUGHENING TRANSITIONS
OF HELIUM 4 CRYSTALS

Solid 4He




Crystallization waves in helium-4.

Photograph taken by S. Balibar, C. Guthmann and E. Rolley in Paris.

Growing helium-3 crystal at 2.2 mK

Eleven different types of facets observed on the surface of helium-3 crystals.

from Wagner et al., Phys Rev. Lett. 76, 263 (1996). .
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Nuclear magnetism of 3He

3He atom : nuclear spin Fermion!

/)
-0-

Nuclear magnetic moment : py=-2.1274 y,
W/ kg = 7.78255 10-4 Kelvin/Tesla
v/2n = 32.435 MHz/Tesla

Spin %, large magnetic moment, good nucleus for NMR!!!

In the solid phases the atoms are quasi-localized

Zero point energy is comparable to the potential well depth, about
10 K (structural energies!).

Large tunneling of atoms (frequency of order MHz)
Quantum exchange interactions : J ~ 1 mK.

Small dipole-dipole interactions Ey ~ p2/a3 ~ pK
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Phase Diagram of 3He
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Melting curve

T> 1K : classical phase diagram

T<1K: the entropy of the solid is larger than
that of the liquid

Pressure (bar)

Disordered solid (spin entropy
Liquid is ordered in k-space (FermilLiquid)
> Minimum of the melting curve

(Clausius-ClapeyronEquation )

Solid nuclear order at T ~ 1 mK
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Landau theory of Fermi liquids

C=yT (T«TE)
x = ¢/ T**
nao T2
Ko T1

Effective mass m*

C/Cy= m*/m 28105,8
increases with pressure

Reinforced magnetism 9,2 to 23,7
increases with pressure

« Fermi Gas » with renomalised
parameters

Theory is subtlel!

See Pines and Nozieres books
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Heat Capacity
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FIG. 6. High-temperature behavior of the specific heat at con-
stant pressure Cp(T,P).
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FIG. 5. Specific heat at constant pressure Cp(T,P) divided by
temperature vs T at pressures P=0, 5, 10, 15, 20, 25, 28 bar. The
small kinks at the temperature T,=0.1 K in this and other figures
are artefacts caused by the different interpolation formulas (Ref. 16)
for C\(T,V) used below and above T,

this work
o  Greywall (1983)
10 15 20 25
P [bar]
DS Gr'eYWGH (1983) FIG. 9. Fermi-liquid parameter F} vs P, compared to the data

obtained by Greywall (Ref. 16).
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Magnetic susceptibility
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The Nobel Prize in Physics 1996

"for their discovery of superfluidity in helium-3"
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Low temperature phase diagram

Superfluid A phase

Superfluid B phase
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Cooper pairs in superfluid 3He

Orbital wave functions (L=1)

Spin wave functions (S=1) X \/8\

S,=0: (TT H') A ix xy A xz
S0 el | Ae A, A,

=0 (Nv"' H) A 2x Azy Az
order parameter
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The A phase

The order parameter A ,; = Aiﬁ.(ﬁzj -+ -i--ﬁ,j)

( J+Jf

orbital wave function spin wave function

A phase factor e'X corresponds to rotation of m and n around 1:

eX(m+in) = (cosy + isiny)(m + in)
= (mcosy —nsiny) +i(msiny + ncosy).

Superfluid velocity

2m Z mJVn,j.
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O

A-phase has only spin fIfl pairs
A-phase gap and spin || pairs



Superfluid B phase

Orbital wave functions (L=1)

Spin wave functions (S=1) : \/8/\

SRS A Ay Ax

S,=0: itt+1]) Ay Ay, Ay,

(Tl““”) A o Azy Az
order parameter

amplitude phase factor
(real) (complex)

rotation matrix
(real)

{

angle # = 104°
axis n
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s BARL;

_— B-phase has all three components:
spin it pairs, spin Y| pairs
B-phase gap and spin |1 pairs




Rotation and vortices

Problem of a rotating Simple model for a vortex
superfluid

An uncharged superfluid cannot
rotate homogeneously:

A(r) = Ag exp[ix(r)]
P _ —ihV .

2m 2m  2m |
CVxveo A(r,6) = Agel £ (r)
f(r)

= v =

Rotation takes place via vortex
L

It follows that

__ h L ﬁ_ﬁb

Circulation around a vortex line

/
f{-:jgdl-\f:% dl-V(,b:—l.

2m
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Vortex in B phase

Vortex in A phase
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Symmetries broken

™ SU(S) — SU3) X SU2) XU(1) — SUB) XU{1)
_""".-}f-j'r K'U‘_[i' Hﬂilt —= I |': I} xil ,:" ;l'__.? -

S0O(3) XSO(3) XU{1) — U[{1) XU[1) — SO(3)

Superfluid *He

w=Vps/[S] [L]

Spin part

Orbital part

SO(3)°x8S0(3)Ex



Superfluid 3He bolometry

Interior filled with*He

Stycast impregnated
paper
Sintered silver
Copper box

Silver sintered 60 um hole
copper plates

"Black Body Radiator"

Vibrating wires

Vibrating Wires
(5 pm and 13 pm)







Topological defects creation and fast transition:

Kibble Mechanism

090
Superconductors, d- g] e o

4He, T~Tc
. @ k1> AFE3
A e/¢

rapid fluctuations in <>

@ k1< AR E3

fluctuations are frozen

T.W.B. Kibble, J. Phys. A 9, 1387 (1976).
W. H. Zurek, Nature (London) 317, 505 (1985)

Zurek Scenario

domain size is determined by "critical slowing down" | T

€=1-T/TC=t/1Q *

s

corr. length: £=£0 lel1/2 1
char. speed: v=10 lel1/2

corr. time: t=&/v=101Q/t :
t<t | t>t

A A
for t= -r("t') = t=(101Q)1/2 <‘P> ! <‘P;~ '
frozen | evolves in equil

T,

'd. ~ E_,(f) — EU(T:LQ) = EO(??)Jf domain size T=0 T=Tc

[ap!



Phase Diagram of 3He
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Multi-spin exchange:
of quasi-localized Fermions

- Identical particles
- Hamiltonian without explicit spin-dependent interactions

Pauli principle: the spin state is coupled to the parity of the wave function

Permutation of spins & particles: Dirac (1947) : Effective Hamiltonian on spin variables
H,, = -3P (-1)» Jp P

Two-particle permutations: P, = (1 +ci.cj) (Heisenberg Hamiltonian)

Multi-spin exchange in solid 3He (Thouless, 1965)

Three-particle exchange is also Heisenberg
P3 = (1 + ci.cj+ cj.ck+ ok.oi)

Four-spin exchange introduces new physics:
P4 = (1+Zopov+Z ((oicj).(okol)+ (oiocl).(c)j.ok) - (ci.ck).(c).cl)))

All exchange coefficients J are positive

Chichilianne 2011



Nuclear order: U2D2 phase

“suclesr Magnetic Order in Salid “Ie
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Nuclear order: CNAF phase
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Nuclear Magnetic Order in Solid "He

Heat capacity

PHYSICAL RE¥IEW R ¥ LUME 36, NLIMBER 13 | NOYFMHBER 1987

Nuclesr specific hest of bee *He near the magnetic nrdering trammitinng

Dennis S Chreywall acd Paol A Hosch
A& T Beli Ladararorier. Mweray Hill. Mo Joroep o974
IR ereivet L Apnl 19871

b o o e e = — — ————

W (kOB

. FX 8
» OSHEROFF | GOPFRIA, comd RUEL Puvs. REV. LETT. o8 4 438 (9 ?> Fig. 14, Properties of solid ‘e through the sedeting transifion as
determaned by experment ot 006 and | T, and scaled to olbier fields

fal entropy, D) magnetizaivon { irom Hel 22

Gl 3 Busch , Pl Res B 36, 6853 (\987)
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Multi-spin exchange in 2D

2011
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2D Heisenberg Ferromagnet

d L ,
'Z LAYER MAGNETIZATION

p0.240 otoms/A

THECRY : 2D A HEsEMBERG  H.T. semics HNNF ~ (n2=0.002740 moles)

J/kg =169 mK P

8 terms

Bo=14.21 mT

0.250
(0.002749)

(0.002755)

10
T (mK)

8 12
Temperature (mK)

FIG. 26. Comparison of the spin heat capacities measured
for coverages near the ferromagnetic anomlay with those calcu-
lated using the B- and 10-term series expressions for the
nearest-neighbor Heisenberg Hamiltonian.

Greywars (\90)
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Spin-liquid phase

WOLUME 79, NUMBER 18 PHYSICAL REVIEW LETTERS 3 NoveMeEer 1997

Low Temperature Heat-Capacity Anomalies in Two-Dimensional Solid *He

K. Ishida, M. Morishita, K. Yawata, and Hiroshi Fukuyama®*
Institute of Physics, University of Tsukuba, Tsukuba, lbaraki 305, Japan
(Received 11 July 1997)

The heat capacity of second-layer solid *He adsorbed on graphite has been measured down
to extremely low temperamures below 100 uK. We observed a dnubleq:eak structure for 4 low-
density repistered solid, which strongly suggests that the system is a highly frustrated spin-1/2
two-dimensional (2D} anufcmmﬂgnel with a disordered ground siate. As the density increases it
approaches a 2D ncarcs! berg fernc with a single rounded peak, which can be

explained i itatively by idering higher-érder exchange processes up to six-spin exchange.
(S003 l-9007(97)04414—1]

PACS numbers: 67.70.+n, 67.80.3d, 75.10.5m, 75.70.Ak

o

C (mik)
-~

L]

4 17.8 nm2-
, R * 18.2 nm?

Liaas

1.5 2 25 . -2
T (mK) 18.4 nm

R RN E T | L3
1 1Q
T (mK)

FIG. 1. Heat-capacity data at densities near the second-layer
solidification. The solid line is a guide for the eye for the
data at 18.2 nm~2. The dotted line is from the Kagome model
(J = 2.59 mK, Ref. [2]). The dashed line is from the MSE
model (J = =323 mK, J, = Js = 0.81 mK; Ref. [3]). The
exchange parameters were determined so that the first-peak
temperatures coincide Wwith the experiment. Note that three
quarters of N; are assumed to contribute to the spin heat
capacity in the Kagome model (see text). The dash-dotted line
is proposed true high-temperature behavior. The inset shows a
linear plot of the low-temperature data.

VOLUME 86, NUMBER 11 PHYSICAL REVIEW LETTERS 12 March 2001

- R . ] - ey - . . 3
Quantum Frustration in the **Spin Liquid™ Phase of Two-Dimensional “He

E. Collin,! 8. Triqueneaux,! R. Harakaly,'* M. Roger. C. Biverle,' Yu. M. Bunkov,' and H. Godfrin'-*
"Centre de Recherches sur les Trés Basses Températures, Centre National de la Recherche Scientifique,
BP 166, 38042 Grenoble Cedex 9, France
2Department of Experimental Physics, P.J. fﬂfdrr'k University, Park Angelinum 9, 04154 Kofice, Slovakia
3Service de Physique de UEtar Condensé, Commissariat ¢ U'Energie Atomique, Centre d'Etudes de Saclay,
o1 191 Gif sur Yvette, France
(Received 6 September 2000)

We have measurad the ultralow temperature and low field magnetic susceptibility of the ‘— phase of
two-dimensional *He adsorbed on graphite preplated by one layer of “He. The experiments are performed
by progressively adding *He to the system, thus suppressing in a controlled way the *He atoms trapped
in substrate heterogeneities. This procedure enables us to determine the intrinsic properties of this spin -
moxdel magnet in the zero field limit. The results show quantitatively that the system is strongly frustrated
by multiple spin exchange interactions. A characteristic gapped spin liquid behavior is observed at
ultralow temperature.

o This work 30.5 mT
* Bauerle et al. 113 mT

1

T (mK™)
v v vl v vl
0.1 1 10 100
T (mK)

FIG. 3. Magnetic susceptibility of the pure = phase. The solid
lines correspond to the [2,3] Padé appn:ux.tmant of the HTSE of
the MSE Hamiltonian [23] (upper curve), and to a Curie-Weiss
fit {lower curve). The inset emphasizes the low temperature
behavior of the susceptibility multiplied by temperature. The
solid line shows an exponential decrease.




Conclusions

* Quantum fluids constitute interesting, simple,
quantum many-body systems

Elementary excitations

+ Superfluidity

» Crystallisation

* Magnetism

- Supersolidity?

Chichilianne 2011



	Diapositive numéro 1
	Diapositive numéro 2
	Diapositive numéro 3
	Diapositive numéro 4
	Diapositive numéro 5
	Diapositive numéro 6
	Diapositive numéro 7
	Diapositive numéro 8
	Temperature Dependence of Viscosity
	Diapositive numéro 10
	Diapositive numéro 11
	Diapositive numéro 12
	Diapositive numéro 13
	Diapositive numéro 14
	Diapositive numéro 15
	Diapositive numéro 16
	Diapositive numéro 17
	Diapositive numéro 18
	Diapositive numéro 19
	Diapositive numéro 20
	Diapositive numéro 21
	Diapositive numéro 22
	Diapositive numéro 23
	Diapositive numéro 24
	Diapositive numéro 25
	Diapositive numéro 26
	Diapositive numéro 27
	Diapositive numéro 28
	Diapositive numéro 29
	Solid 4He
	Crystallization waves in helium-4. 
	Nuclear magnetism of 3He
	Phase Diagram of 3He
	Melting curve
	Landau theory of Fermi liquids
	Heat Capacity
	Magnetic susceptibility
	Diapositive numéro 38
	Low temperature phase diagram
	Diapositive numéro 40
	Diapositive numéro 41
	Diapositive numéro 42
	Diapositive numéro 43
	Diapositive numéro 44
	Rotation and vortices
	Diapositive numéro 46
	Diapositive numéro 47
	Diapositive numéro 48
	Diapositive numéro 49
	Diapositive numéro 50
	Phase Diagram of 3He
	Multi-spin exchange: �of quasi-localized Fermions
	Nuclear order: U2D2 phase
	Nuclear order: CNAF phase
	Heat capacity
	Multi-spin exchange in 2D
	2D Heisenberg Ferromagnet
	Spin-liquid phase
	Conclusions

