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IMAGING

IMAGINING

IMAGINE A SOLID 

WHICH IS A SUPERFLUID



BEC in a quantum solid?
1969

Andreev & Lifshitz

1970

Chester → Leggett

1973- present

Suzuki and many 

others

2004

Kim & Chan

Bose Einstein Condensation in a Quantum Solid

The Long Search for the Superfluid Phase of Helium:

From Conjecture to Experimental Evidence

Success at last!?
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e. g. Ar

Helium, e. g. 4He

Helium has a Uniquely Different Phase Diagram

All other matter

except the helium isotopes

● Helium is the only substance which remains liquid 

down to the lowest achievable temperatures!

Below 2.2 K  4He is a superfluid

● Helium is the only substance known to be superfluid:
4He below 2.2 K; 3He below 3 X 10-3 K 



In Solid and Liquid Helium the Potential Energy

is Largely Compensated by the Large Zero Point Energy

Molar Volume [ cm3/ mol]

Solid

The difference accounts 

for the very weak binding

making He the most tenuous

of all liquids and solids

Liquid

+5

-5
SolidLiquid

Zero point 

energy

Total Potential 

Potential energy

curves
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Solid Helium is Barely Stable: 

- attractive forces (Epot) are weak

- both m and r0 are small
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Estimation of the Effect of Zero-Point Energy in a Quantum Solid

Condition for Stability: 

kinpot EE 

Estimate Ekin from Heisenberg‘s  Uncertainty

Epot



Classical (Maxwell-

Boltzmann) statisticsA B

B

B

A

A

Quantum Bose-

Einstein statistics

Quantum Fermi-Dirac 

statistics

BA PP =

BA PP 5=

0=AP

4He

3He

A Simple Simulation Illustrating the 3 Basic Symmetries in Nature

Fermionic 3He’s are also repelled by Pauli exclusion!



A Bose-Einstein Condensate (BEC) is a 

Macroscopically Coherent Quantum System 

A  MACROSCOPIC quantum system!

In alkali gases BEC is 

achieved by cooling 

to  10-9 K

In the Bose-Einstein

condensed gases the

condensate fraction is 100%
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The Superfluid Fraction and the Bose Condensate Fraction 

are not the Same in Superfluid Helium 

The superfluid fraction is a model quantity whereas

the Bose condensate fraction is  physically defined, but hard to measure

What is a Superfluid?

The much stronger interactions

in the real  liquid He compared 

to the highly diluted alkali gases

explains the smaller n0



Two-fluid model of the superfluid state (L. Tisza)

a normal (viscous) component with atoms 

having different excited-state velocities

a superfluid component with all atoms having the same ground 

state velocity (BEC   no dissipation   zero viscosity) 
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Discovered by J. F. Allen and H. Jones, Nature 1938

Superfluid helium can 

climb up the walls and go 

over the rim of a beaker 

and  collect and drop off 

the bottom

Some Macroscopic Manifestations of Superfluidity in 4He

Fountain EffectSuperfluid doesn‘t Boil

Creep:

Microscopic Manifestations:

● frictionless translations v≤ 58 m/sec

● free rotations





Fritz London in his famous book

SUPERFLUIDS

Volume II

Macroscopic Theory of Superfluid Helium

wrote in the Preface:

„ Superfluid helium, also called 

liquid helium II, is the only

representative of a particular 

„fourth“ state of aggregation 

beside the solid,  liquid, and 

gaseous states.   …………..“

Solid he



Solid Properties: 4He Compared to Ar

Property Ratio with respect to Ar

Elastic Constants   C11

Compressibility   K=

Thermal conductivity l

Reduced molar volume: v= V/ R0
3

Lindemann ratio  L
the ratio of the root mean squared vibrational

amplitude to the interatomic distance

 1-2·10-2

 10

 60

 2

 2

dP

dV

V

1

vacanies

Solid 4He like Ar has a well defined lattice structure (X-rays)

and well-defined phonon dispersion curves (neutron diffraction)



Point defects in solids: vacanciesModel

A vacancy is an empty lattice site

Vacancies are always present in a crystal because of
the corresponding increase in entropy

Their concentration is given classically by

Vacancies in a quantum crystal are predicted to form

delocalized bands even at T= 0 K.  Expt‘s ??

Activation (formation) energies f in  solid 4He  are very small 
and rather uncertain: f ≈ 10 K.  Xv = 0 at T= 0 K

)(exp Txv f−

Vacancies in Solids

Act energies



The Uncertainty in the Activation Energy

for Vacancy Formation is Large

R. O. Simmons, J. Phys. Chem. Solids 55 ,895  (1994)Andreev and Lifs



Andreev-Lifshitz Theory

The de Boer  parameter Λ is used

to account for quantum effects 2

2
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Classical solid

L < 1

Quantum solid

L > 1

e.g. Ar L = 0.2

e.g. 4He L = 2.87

)exp( 1−L−P

Zero point„defecton“

or
„impuriton“

L

Tunnelling prob.

What is a Supersolid? I.

A. F. Andreev and I. M. Lifshitz, Soviet Physics JETP 29, 1107 (1969)

λ
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Andreev-Lifshitz Theory, Continued

Tunnelling is thought to Involve the exchange of particles

Being incommensurate this state can support mass transport

Bose-Einstein condensation of     < 0 zero-point vacancies (Bosons!) 

leads to superfluid flow

< 0  a new  lower energy „incommensurate“ vacancy state

(no. lattice sites  no. atoms) appears

E

E0

E0

E

E0

The width of the band depends on the tunneling probability

He vs Ar



How Does a Supersolid Compare to a Superfluid?

3103 −rr tots /01./ tots =rr

1) From the review by Meisel, Physica  B178, 121 (1992)

vcrit≈ 58 m/sec vcrit ≤ 10-4 cm/sec

Superfluid 

Fraction:

Critical

velocities:

Transition

Temperature:
Tc = 2.2 K Tc ≤ 0.1 K

Superfluid helium           Supersolid helium

Well established! Estimates1)

idea

Below Tc and below vcrit the flow of the solid should exhibit reduced friction.



In 1970 Leggett suggested that  nonclassical rotational 

inertia (NCRI) found in superfluid liquid helium may  also 

occur in solid helium

The free energy of  N helium atoms in a crystalline annulus of internal 

radius R and thickness d, rotating about the axis of the cylinders at 

constant angular velocity ω is

)()( 2
02

1
0  FIFF ++=

where F0 = Free energy for ω = 0

and I0 = Classical moment of inertia,  I0 = Nm/2·(R2+(R+d)2)

2

02
1 rr IF s )/()( −=

Superfluid Fraction

A.J.Leggett, Phys.Rev.Lett 22 1543 (1970)

The Idea Behind the Experiment of Kim and Chan

and

Migdal



Kim and Chan



The Torsional Oscillator Commonly Used to Detect Superfluidity




I
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
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Where  I is the moment 

Of inertia,  is the spring

constant

The resolution is very good

The torsional Frquency is 

measured

Method: Berthold, Bishop and Reppy, Phys. Rev. Lett. 39, 348 (1977)

The Kim and Chan Experiment 2004

T0 ≥ 0.03 K



Change in Period Reveals Change in Moment of Inertia
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E. Kim and M. H. W. Chan, Nature 427, 225 (2004); Science 305, 1941 (2004)



Small Amounts of 3He Have a Big Effect
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E. Kim and M. H. W. Chan, Nature 427, 225 (2004); Science 305, 1941 (2004)
3He in 4He



3He in Solid 4He

Highly mobile delocalized Impuriton band 

may  also segregate to dislocations or interfaces 2)

Soluble in small concentrations

Expected to annihilate a vacancy,. 

Binding energy is about 1 K 1)

●

●

●

1) Scuster, Swirsky, Schmidt, Polturak and Lipson, Europhys. Lett. 33,  623  (1996)

2) Carmi, polturak and Lipson, Phys. Rev. Lett. 62, 1364 (1989)vel dep



Change in Period has a Strong Velocity Dependence

Vcrit = 20 cm/sec

Vcrit = 30 mm s-1

E. Kim and M. H. W. Chan, Nature 427, 225 (2004); Science 305, 1941 (2004)

Press dep.



Non-Classical Rotational Inertia Fraction as  Function of Pressure

Velocity Dependence 

at Different Pressures

E. Kim and M. H. W. Chan, Nature 427, 225 (2004);

Science 305, 1941 (2004)Phase diagram



Up to

140 bar

Phase Diagram: Pressure Dependence

E. Kim and M. H. W. Chan, Nature 427, 225 (2004); Science 305, 1941 (2004)

alternatives



Some Alternative Explanations of Kim and Chan Expts: 

A. J. . Leggett:

:

A. J. . Leggett:

:

G. Dash:

P.W. Anderson:

J. Reppy:

J. Beamish

and

J. Goodkind:

No. of  atoms ≠ no.of lattice sites: Solid is incommensurate

and may have zero-point vacancies at T = 0K: BEC?

Sample contains large no. of large defects such as

dislocations

Grain boundary premelting to produce liquid 

at container walls.  Slippage explains obs.

Critical fluctuations (near some critical point)

destroy supersolid by formation of vortex state or

by other mechanism. Possibly Tc << 50 mk. BEC??

BEC only in samples not suffiently annealed: 

Disorder necessary!

Ppb 3He enhance/destroy BEC?

2
0
0
4

2
0
0
6

geysers
At present there is still no conlusive evidence for the supersolid state of helium!



The Geyser Phenomenon



He Expansions: Initial Conditions and Isentropes

Isentropic 

expansion

Po, To 

dimers

large clusters

2002

PRL

New



Starting 2001 Our Group Investigated

Expansions of Superfluid  Helium into Vacuum.    

P0=1-25 bar

T0= 1.3-4.2 K
Mass spectrometer 

detector

R. E. Grisenti and J. P. Toennies, Phys. Rev. Lett. 91, 234501 (2003)



Observation of Liquid Jet

vliq= 200 m/sec



Apparatus: Expansion of Solid into Vacuum

areavnflux liq =

totdet SP =

Pdet flux

secm12=

detP

G. Benedek, F Dalfovo, R. E. Grisenti, M Kaez, and J. P. Toennies,

Phys. Rev. Lett. 95, 095301 (2005)

Highly

compressed

solid



Liquid (superfluid) Helium-4 microjet
R. E. Grisenti and J. P. Toennies, 
Phys. Rev. Lett. 90, 234501 (2003)

02/15

Photograph of Source Cell and Aperure Platelet and Orifice

Rev. Sci. Instrum. 76, 123904 (2005) 

experiments



Geyser Oscillations appear at  Solidification Pressure

002 r= Pv

vn =

Flux of fluid 

follows

Bernoulli‘s law Solid 

Flows!

m

T0 = 1.87 K

Vsolid = 50 X 10 -4 cm/ sec

Reg. behavior



Normal Behaviour
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G. Benedek, F Dalfovo, R. E. Grisenti, M Kaez,

and J. P. Toennies,

Phys. Rev. Lett. 95, 095301 (2005)

T0 = 1.88 K

P and T dep.



Temperature and Pressure Dependence of Period

3

2

2

1

)(0



−



 
mPP

TTm −0

3

2

2

1

)(0



−



 
mPP

Normal Behavior

TTm −0 3

2

2

1

)(0



−



 
mPP

Basic theory



geysers

Basic Coniderations of a Theory



Collapse Occurs at Some Point when Solid can no Longer Support Pressure

Conjectured Scenario of Events Occuring 

Inside the „Solid“ Source Chember

Anomalous outline



Anomalous Behavior

• Below about 1.76 K



( l point)upper -

1) Pulses sharpen at 1.76 K for Po  45 bar

2) Delayed onset of geysers with pressure Po

Below about 1.60 K

1) Sharp decrease in o

T

Sharp pulses



Sharpening of the Pulses with Decreasing Temperature

P0 = 34 bar

Pdet

time

 400 sec

5 sec

1.77 K 1.72 K 1.70 K 1.69 K

2.0 K 1.95 K 1.90 K 1.85 K 1.80 K

13 sec

Phase diagram



In the Anomalous Region:

Bernoulli up to Pu>Pm  and  Gysers set in at P   > Pu





Pm  Pu P

G. Benedek et al. Phys. Rev. Lett. 95, 095301 (2005)

Galli and Reatto



The Anomalous Region is in Agreement with Galli and Reatto‘s

Scenario III for a Defect-Induced Supersolid.

D. E. Galli and L. Reatto, J. Low Temp. Phys. 124, 197 (2001)Effect of 3He



Fig. 1   Periodic oscillations in the vacuum expansion through a 2 mm orifice of pure solid He and of solid He with 1% of 

A Small Amount of 3He Effects  Both the Shapes and Periods
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Benedek, Grisenti, Käsz, and Toennies, submittedPhase dia with 3He



3He Removes Anomalous Behavior

New Expts 1



Top View of Cell With One Pressure Sensor

New Experiments I



Pulse Shapes inside and in Detector are Identical

Pulse in 

Cell

Pulse at

External

Flux 

detector

P0=35 bar

T0=1.88 K

solid

liquid

P0

Pm

 Solid flows

faster than the

liquid

( ≈ 103 sec.)

Delta p as fct T



P0=61.1bar

Note: Sensor sees only pressure differences

Sensor Pressure Pulses = P0 - Pm

Pm(T0)

Press jump
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Old model



Firenze 2005 - 7

Large Pressure Jumps throughout the

Entire Cell are at Variance with Earlier Model:

Benedek et al Phys. Rev. Lett 95,095301 (2005)

Psolid

Psolid

New expts 2



Top View of New Two Pressure Sensor Cell

New Experiments II

Pup PdownAppearance of minis



Onset of Minigeysers on Lowering the Temperature

P0=93.2 bar

Call these

„minigeysers“

2
.0

9
8
 K

 ←
2
.8

5
5
 

K

Pup = Pdown

Exp fall off



If We Correct for „Leak“ from Upstream get Expt. Fall-Off for

Flow  Through the Capillary

poiseitycosviseffective

.sec

400

200





Rise in

Pressure

Initially,

Attrbuted to

„leak“ through

plug

Pdet vs Pupand Pdown



Time (sec)

500 10000

Sharp Minigeysers at Low Temperature 

in the Anomalous Region 

 Solid flows

faster than the

liquid

Model



Summ



Summary

• The new geyser effect is very robust.  Now seen in two 

different constrictions.  Very  reproducible.

• We find that the regularity of the behavior is indeed 

remarkable! Must be related to vacancy diffusion. A 

theory is in progress.

• Region  of anomalous behavior corresponds to vacancy 

induced supersolidity predicted by Galli and Reatto

● The recent experiments of Kim and Chan are  controvertial.

At present there is still no conlusive evidence

for the supersolid state of helium !

Poem



Andreev and Lifshitz back in 1969

had a great idea far better than any of mine.

They knew that solidity is an imperfect state

and  helium crystals might be incommensurate,

then the helium vacancies could proliferate

and probably form a Bose condensate.

and the solid, like  the liquid, might  be super!

Now wouldn‘t that indeed be superduper?

Supersolid Helium



Since then many have tried the experiment,

but, alas, the effect  defied every measurement.

Until in 2004 Kim and Chan used their best

pendular oscillator to put theory to a test.

When they thought they had a fit

theoreticians said „this wasn‘t it!“

Now strange geysers may provide the answer,

equally mysterious, but much fancier

So even today this little atom helium 

still is the cause of great delirium!



Thank You

Please ask questions



Initial metastable pressurization of liquid

Subsequent rapid solidification

Speculative Explanation for Sharp Drop-Off



Low Temp. Superfluid Fraction

Shows scatter with Pressure

Up to

140 bar

Phase Diagram: Pressure Dependence

E. Kim and M. H. W. Chan, Nature 427, 225 (2004); Science 305, 1941 (2004)



New Model for the Geyser Effect
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Model for Minigeysers
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Geysers can not be due to Stick-slip Mechanism

Stick-slip:  Period would decrease with pressure

Geysers: Period increases with pressure!  Consistent with decreasing vacancy diffusivity



Temperature T [K]
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Drop in Period Below 1.58 K
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Drop in Period and Pulse Sharpening Go Together



from R. Richardson et al

Effect of 3He on Melting Line



Four Pressure 

Sensor Apparatus

Valve to

shut off

gas supply



At Every Geyser Pulse in the Cell the

Upstream Gas Pressure Drops Sharply

Geysers Measured with Valve Shut Off and

Without Capillary



Upstream Gas Pressure  „Drop-offs“ Cease at Melting Pt.

P0

.sec2000=



The Minigeysers Fall Off Much Faster

than the Drain Time

P0 = 102 bar      T0 = 1.67 K



Note the Remarkable Similarity to the Main Geysers:



„Phase Diagram“ for Minigeysers

He I

He II

1.58 K !
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Helium has a Unique Phase Diagram

geysers



• The sharp fall-offs in the anomalous region are orders of

• magnitude faster than the pumpdown times in both main

• and minigeysers chambers.

• Either

• 1) the high vacancy concentration resulting from the 
violent pressurizing (200 bar/sec.) endows material with

• vanishing viscosity (SUPERGLASS?) .

• or

• 2) In the initial rapid compression the 

• material remains initially liquid and the sharp fall-off is 
due to the pressure drop accompanying solidification.

Major Riddle


