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ABSTRACT
The existence of a superfluid-like phase in solid helium was predicted in the late 1960’s.
The first convincing experimental evidence of such a phase was the non-classical rotational
inertia (NCRI) measurements published in 2004 by Kim and Chan. Uncovering the exact
microscopic mechanism giving rise to this effect is the subject of this dissertation. The majority
of the work concentrates on exploring the effect of various types of disorder on NCRI and
performing some of the first simultaneous measurements of crystal quality and NCRI.
We have measured the effect of 3He impurities in solid 4He crystals, from isotopically
pure 4He (<1ppb 3He) up to 30 ppm. We find that the onset temperature and the broadness of the
transition increase continuously with the 3He concentration. We have also studied ultra-high
purity 4He crystals down to temperatures of ~1 mK finding no additional features in the period or
dissipation.
The sample quality dependence of NCRI was measured by growing samples with various
methods known to produce crystals of high or low quality. The addition of disorder is observed to
increase the magnitude of NCRI and the onset temperature. Higher quality crystals were found to
be more reproducible from sample to sample. In some crystals, annealing was found to reduce the
NCRI and dissipation. However, there was always appears to be some non-zero minimum NCRI.
The first combined sample characterization and torsional oscillator measurements were
made for solid helium confined within aerogel. Torsional oscillator measurements were made at
Penn State and a complimentary x-ray scattering experiment was performed at the APS
synchrotron facility. Although the samples were highly disordered (with an average grain size of
1000 Å) the NCRI signals were comparable with those from high quality crystals, the data were
also highly reproducible, as with the high quality samples.
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A set of complimentary torsional oscillator and heat capacity measurements with helium
confined within thin slab geometries were undertaken to test a confinement effect reported by
Rittner and Reppy. Rather than a confinement effect, we find that the data are more consistent
with a quenching effect (a dependence on how rapidly the samples are grown).
Day and Beamish reported an increase in the shear modulus of solid helium with a
dependence on temperature, frequency, etc. which match the torsional oscillator experiments. In
collaboration with Syshchenko and Beamish, we have studied the shear modulus and NCRI for
both 3He and 4He crystals. The 4He solid exhibits an anomaly in the NCRI and shear modulus.
The solid 3He only shows a shear modulus increase for the hcp phase and no NCRI effect for
either the bcc or hcp crystal phases.
We have made the first simultaneous NCRI and optical measurements. These
measurements enable us to determine crystal quality, orientation, etc. The experimental details
will be presented along with some preliminary data because the experiments are currently in
progress.
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Chapter 1
Introduction to the Introduction
We will begin with the a priori statement that; watching quantum mechanics is pretty
freaking cool! The research on supersolid helium contained within this dissertation falls into the
broader category of quantum fluids and solids. Before delving into supersolidity, it makes sense
to take a global perspective of why anyone would want to look at these systems in the first place.
We will briefly introduce the rich history of the field and all things ‘super’.
At low temperature, the quantum statistics of particles become increasingly relevant.
There are fundamentally two fundamental types of atoms; Bosons with integer spin and Fermions
with half-integer spin. These two types of particles obey different statistics: Bosons can have any
number of particles occupying the same state, whereas no two Fermions can occupy the same
quantum mechanical state. At zero temperature, a collection of Bosons are all in the lowest
energy (the ground state), whereas Fermions must fill the single particle states up to the Fermi
Energy, EF. The macroscopic occupation of a single state is the basis of Bose-Einstein
Condensation (BEC) and is what gives rise to superfluidity.
There are fundamentally three basic types of superfluids: condensed Bose atoms as
described above, neutral paired fermions (e.g. superfluid 3He), and charged BCS-paired fermions
(e.g. superconductors). There are also the more exotic non-BCS type superconductors which will
not be discussed. The practical applications that most people would know about are almost
exclusively in the realm of superconductivity. This is because the applications are seemingly
endless. The field of quantum fluids and solids deals mostly with the isotopes of helium (3He and
4

He) and hydrogen at low temperature. By any measure, these are the most ‘quantum’ of all

substances and they display some rather amazing properties.

2
Macroscopic Manifestations of Quantum Mechanics
Quantum mechanics governs in the realm of individual particles and low energies.
However, by the time you get to the scale of anything tangible, the quantum nature of matter is
not evident and things are well described by classical mechanics. The disconnect makes quantum
mechanics difficult to develop an intuition for.
Quantum fluids and solids provide a unique experience. In these systems, we have
quantum behavior manifested on a macroscopic level. Interestingly, this is something that may
not be immediately evident from the single-particle, or even the two-body interactions. This is the
so-called emergent phenomena. Or, as Phil W. Anderson says, “More is different”.

Superfluidity in 4He
The quintessential quantum fluid is liquid 4He. At 2.176 K, liquid 4He undergoes a
transition into a superfluid state. Superfluid 4He is an extraordinary substance displaying some
rather strange and exotic properties. It has the ability to flow with zero viscosity through even the
smallest of holes, a thermal conductivity which is so large that it will not sustain the temperature
gradient necessary to produce boiling, and the ability to seek out the lowest energy state so
effectively that a container of superfluid will empty itself through a film flowing up and over the
side of a beaker. The history of superfluidity and the people who worked on it is perhaps as
interesting as the substance itself. For an excellent review of the history of superfluidity, see the
review, “The Discovery of Superfluidity” [Balibar 2007].
Heike Kamerlingh-Onnes was the first to liquefy helium in 1908 [Onnes 1911]. By the
early 1930’s it was clear that something strange was happening in the liquid around ~2 K and
researchers started calling it Helium-II. It was not until some 30 years after its liquefaction that
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Kapitza, and separately, Allen and Misener, found that the viscosity appeared to vanish at low
temperature [Kapitza 1938, Allen 1938]. It was Kapitza who coined the term ‘superfluidity’.
However, it was London that first realized that superfluidity is related to Bose-Einstein
Condensation [London 1938]. One of the things that convinced him was that (even though this
was a liquid and could certainly not be treated as non-interacting) the transition temperature of
2.176 K was rather close to the BEC temperature of ~3.1 K for an ideal gas of 4He atoms. For a
gas of non-interacting particles, the temperature at which BEC occurs is
TBEC

2 
1.1.

2.612

where  is Plank’s constant, kB is the Boltzmann constant, m is the mass of the atom, and n is the
number density. The actual phenomenon in liquid 4He is a bit more complicated due to the
interactions. In Leggett’s review, “Superfluidity”, he states “The fundamental assumption that
underlies the modern theory of superfluidity in a simple Bose system such as liquid 4-He is that
the superfluid phase is characterized by what one might call “generalized BEC.”” [Leggett 1999].
Leggett goes on to define this generalized BEC as the macroscopic occupation of a single particle
state. The interaction between particles significantly complicates matters and leads to a depletion
of the condensate. Even at

0, the condensate fraction in liquid 4He is only ~10%.

As we said above, superfluidity is a macroscopic quantum phenomenon. The key to this
is London’s idea that the entire collection of particles in the condensate can be described by a
single wave function, ψ0, with an amplitude, |ψ0|, and phase, φ, as given below. In the condensate,
the entire superfluid acts essentially as if it were one giant particle [London 1954].
ψ
Applying the momentum operator (

,t

ψ

,t e

φ ,

1.2.

 ), we immediately find that
/m

φ ,t

1.3.

4
By taking the curl of both sides, we find that the superfluid is irrotational (since ∆
φ

0).
0

∆
Consider the circulation (κ

·

1.4.

) around a closed contour such as an annulus.

Inserting Eqn 1.3, and using the fact that the wave function is single valued, we find that the
circulation is quantized.

κ


1.5.

where n is an integer. This is the Onsager-Feynman quantization condition and /m is known as
the ‘quantum of circulation’. A rotating superfluid will spontaneously create vortices with
quantized angular momentum.
The Landau two-fluid hydrodynamic model proved to be a useful conceptual model for
understanding superfluidity even today. It works extremely well at describing such exotic
phenomena as the fountain effect, the lack of boiling below Tλ, and the existence of additional
sound modes.
The two-fluid model of superfluidity was first developed by Tisza [Tisza 1938] and a
short time later (perhaps independently) by Landau [Landau 1941]. In the two-fluid model, the
liquid is composed of two interpenetrating fluids with separate velocity fields. The superfluid
component carries no viscosity or entropy. The total mass current density is given by
1.6.
Landau’s model was much more quantitative and also introduced the groundbreaking
notion of ‘quasiparticles’. He considered these quasiparticles in liquid 4He to be phonons (with
linear dispersion,
later corrected to be

, where c is the speed of sound) and ‘rotons’, with an energy spectrum

5
∆

2

1.7.

where ∆ is the roton gap, p0 is the momentum which corresponds to the roton minimum , and

is

an effective mass [Landau 1947]. Landau believed that these rotons were associated quantized
rotational motion.
Inelastic neutron scattering experiments proved this dispersion relation to be correct as
shown in Figure 1-1 [Henshaw 1961].

Figure 1-1. Dispersion relation for superfluid 4He showing the phonon and roton branches from
[Henshaw 1961].
The roton spectrum is often closely associated with superfluidity. However, rotons are
not necessary for superfluidity (for example, there are no rotons in the BEC of an atomic gas).
These rotons are not the quanta of rotational motion as posited initially by Landau (and still
widely believed, probably as a result of the name). Nozières refers to rotons as, “ghosts of a
Bragg peak” [Nozières 2004]. In his 2007 review article, Balibar explains that rotons are
essentially phonons with a wavelength equal to the interatomic distance. There exists some short
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range order in the Bose liquid (as required by the symmetry of the many-body wavefunction),
there is a large probability of finding a particle at a distance equal to the average interatomic
distance. Feynman showed that the dispersion relation,
factor,

, is related to the static structure

, by the relation



1.8.

2

Therefore, if there is a peak in the structure factor, there must be a minimum in the dispersion.
[Balibar 2007]
Rotons may not be necessary for superfluidity, but the roton gap, Δ, is. More specifically,
the existence of a non-zero critical velocity goes hand-in-hand with the definition of superfluidity.
Following Landau’s reasoning, consider a massive object (perhaps a steel ball) moving
through a superfluid at velocity v. If there is a collision with the particles in the liquid, the
object’s new velocity is v’. To conserve energy and momentum, the collision must obey the
relation
1
2

1
2

,

1.9.

Assuming that the kinetic energy of the massive object is much larger than that of the
excitations and re-writing the equations (using the fact that |

|

)) we find that the

minimum velocity of creating an excitation corresponds to

1.10.
Where vL is the Landau critical velocity and approximately equal to Δ/p0. The gapped dispersion
relation is essential. For example, if the dispersion were that of a free particle (E=p2/2m), the
Landau critical velocity would be zero.
It is interesting that Landau’s two-fluid model is in some ways much like the Bohr model
of the atom. It is at the same time both extremely useful and intuitive, but also completely wrong

7
in some sense. This is not meant as a criticism. The Landau two-fluid model is completely
phenomenological but it essentially ignores the quantum behavior which is the essence of the
entire process. However, it is extremely useful. This is especially true when discussing the
various sound modes present in the superfluid. First sound is the typical sound wave transmitted
by a propagating pressure wave. Second sound could also be called an entropy wave. If a heat
pulse is applied, the liquid in the vicinity of the heater will have a reduced superfluid component.
This gradient in the density of the superfluid/normal components will cause the superfluid/normal
fluid to come rushing in/out to restore equilibrium. There is no net mass flow and no pressure
gradient associated with second sound. However, a heat pulse is propagated through the system
with essentially no dissipation if the pulse is small enough. With third sound, if a periodic heat
pulse is applied to a superfluid film the superfluid component of the film can respond in a similar
manner to what was just discussed for second sound. However, the normal fluid is more restricted
by the two dimensional geometry and is effectively locked to the substrate. If the heat pulse is
periodic in time, it will set up a standing wave in the film. The last mode, fourth sound, is a wave
transmitted in the superfluid component of the bulk liquid in the case where the normal fluid is
locked in a porous media. Such a medium (for example, compressed powders of very fine
particles) is known as a superleak. Since it has zero viscosity, the superfluid can flow through it
but the normal fluid component cannot. For completeness, there is also zeroth sound which
occurs in liquid 3He when the temperature is low enough that Fermi degeneracy makes the atomic
collisions rare enough that there is no first sound mode.
The more modern approach to superfluidity uses field theoretical models and
renormalization techniques. In fact, the extraordinarily precise measurement of the lambda peak
(on board the space shuttle!) and its agreement with current theoretical models is one of the major
successes of modern critical phenomena [Lipa 2003].
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Everything else
Aside from superfluidity in 4He, there are other quantum liquids displaying exotic
behavior. At temperatures at or below ~3 mK, 3He undergoes a superfluid transition [Oscheroff
1972]. 3He, a fermion, must pair in an analogous manner to Cooper pairs in a BCS type
superconductor. At low pressures, they form a spin-one pair and then condense. This is the socalled superfluid A-phase. At higher pressures it is possible to have a small region where the
spins are aligned, imaginatively called the B-phase.
Bose condensation of alkali gasses have been observed at very low temperatures (nanoKelvin)
[Cornell 2002, Ketterle 2002]. These systems display the same quantized vorticity seen in
superfluid 4He. The great thing about atomic gasses is that they are ‘tunable’. By changing the
strength of the interactions, magnetic fields, etc. they are able to study some remarkable things
like a crossover from BEC to BCS pairing in Fermi systems.
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Chapter 2
Introduction to Supersolidity
The history of supersolidity itself is actually rather interesting. It reads sort of like a
scientific mystery novel and is certainly full of colorful characters. There was the initial
prediction of supersolidity in the late 1960’s followed by decades of hard work, but ultimately
unfruitful searches. Then, suddenly, the apparent discovery of this hidden phase actually leads to
more questions than answers. Several review articles on the subject of supersolidity have been
published recently [Prokof’ev 2006, Balibar 2008, Galli 2008].
In this chapter we will outline the experimental and theoretical efforts devoted to
supersolid helium. However, this is an immense and ever-growing body of work so I apologize in
advance for anything which is either neglected or skimmed over. This section is intended mainly
as background and a literature review. As much as possible, I will simply lay out all of the work
and the authors’ conclusions without bias. My personal bias will be saved for Ch. 6, where we
will attempt to tie all of the work together.

Superfluidity….in a solid?
If one spends enough time contemplating superfluidity in liquid helium, a natural
question to ask is, “Could such a thing happen in the solid?” Such a proposal was made by
Wolfke soon after the initial connection was made between BEC and superfluidity by London
[Wolfke 1939].
For several reasons, if any solid is going to exhibit superfluid properties, it should be
helium. The degree of ‘quantumness’ is given by the DeBoer parameter, Λ.

10


/

Λ

2.1.

Where h is Plank’s constant, m is the mass of the atom, and σ and ε are an effective radius and
depth of the atomic potential (the fitting parameters of the Lennard-Jones potential). The DeBoer
parameter can be thought of as a ratio of the zero-point kinetic energy and the confinement
potential. By this measure, 4He is the most quantum of all substances, with Λ=2.6 (except of
course for 3He (Λ=3.0), which is a Fermion and therefore not expected to Bose condense). The
only other substances with Λ > 1 are isotopes of hydrogen. We see that the DeBoer parameter
increases for lighter particles and for weaker interaction strengths. Solid helium is held together
with the forces from induced dipole fluctuations called the London dispersion force. This is the
weakest of all the inter-atomic forces. Even though molecular hydrogen is lighter than helium by
a factor of two, the dipole forces holding it together are an order of magnitude stronger, making it
effectively ‘less quantum’.
The Lindeman parameter, γL gives another indication of how quantum a system is. As
shown in Eqn 2.2, γL is equal to the RMS atomic displacement divided by the lattice constant, a.

2.2.
The Lindeman parameter tells us how far, on average, from the equilibrium position the atoms
move. The average solid melts when this parameter reaches ~0.1. However, it is ~0.28 for solid
helium [Burns 1994]. This is due to the large zero-point energy and is why solid helium-4 does
not solidify (even at zero temperature) without applying a substantial pressure (~25 bar).
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Supersolidity Before 2004
The initial publications of Kim and Chan showing possible evidence for supersolidity led
to a tremendous amount of effort devoted to solid helium and in the field of quantum fluids and
solids in general [Kim 2004a, Kim 2004b, Kim 2005]. However, even before 2004 there had been
a considerable work devoted to supersolids. An excellent review of this early work is given in
[Meisel 1992].

Original predictions of supersolidity
Let us consider what exactly it means for there to be a superfluid-like solid, or supersolid.
A supersolid simultaneously exhibits properties of a solid (such as non-zero shear modulus), and
superfluid (frictionless mass transport of its own atoms). Technically speaking, the definition of a
supersolid is something that possesses coexisting long-range order (LRO) and off-diagonal longrange order (ODLRO) [Yang 1962]. The first part, DLRO, simply means that the substance is
actually a solid (i.e. crystal structure, as can be measured by x-ray scattering). The second part,
ODLRO, is ordering in momentum space. This is the superfluid part which would be responsible
for properties such as flow without dissipation. Three seminal papers were published between
1969 and 1971 exploring just such a possibility. They all consider the large zero-point motion of
helium atoms and the fact that the solid is incommensurate (number of atoms ≠ number of lattice
sites).
Andreev and Lifshitz considered the possibility of Bose-Einstein condensation of a gas of
defects (vacancies and interstitials) [Andreev 1969a]. They derive the hydrodynamics of these
defects to predict the thermal and acoustic properties of a solid containing them, concluding the
prediction that such a system may possess superfluid-like properties.
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In 1956 Penrose and Onsager developed a generalized treatment for interacting bosons
and predicted that there would not be off-diagonal long range order for solid helium (i.e., no
superfluidity) [Penrose 1956]. Chester extended this work to consider an incommensurate solid
[Chester 1970]. In this case, Chester showed that it was possible to have a coexistence of
crystalline and superfluid order. Leggett attempted to quantify this superfluid component,
predicting that it was at most ~10-4 [Leggett 1970]. Leggett was also the first to suggest looking
for non-classical rotational inertia (NCRI) for solid helium confined within an annular geometry.

Early experimental searches for a supersolid phase
Many experiments attempted to find evidence of superfluid-like behavior in solid helium.
Some of the first were plastic flow experiments, where a steel ball was pulled by an electrostatic
force through the solid 4He [Andreev 1969b]. In another experiment Greywall grew solid helium
in two separate chambers connected by a capillary [Greywall 1977]. By growing the crystals in
such a way that there was a pressure gradient across the capillary (and thus, a chemical potential
difference), he looked for the pressure relaxation which would accompany any mass flow.
Bonfiat used a similar idea looking for relaxations in height for 4He solid in a U-tube setup
[Bonfait 1989]. All of these flow and relaxation measurements were either null or inconclusive.
Torsional oscillator measurements with solid helium confined only within the torsion rod
show that the dissipation and effective shear modulus are consistent with the Granato-Lücke
model of dislocations [Granato 1956, Palaanan 1981]. They find that the effective shear modulus
decreases from its low temperature by as much as 40%. Hysteretic behavior and a dependence on
amplitude are also observed.
Bishop, Paalanen, and Reppy performed a torsional oscillator experiment for a sample
contained within a spherical cavity [Bishop 1981]. They find no NCRI with a resolution in ρS/ρ of
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5x10-6. A small increase in the period is seen below 200 mK which the authors attribute to phase
separation of 3He. The phase separated solid has a slightly elevated pressure and they attribute the
period shift to an elastic effect. [The data shown in the paper had a rather large 3He concentration
of 411 ppm. However, they state that the measurement was repeated with 3He concentrations
down to 0.3 ppm and they see no evidence of a supersolid phase.]
Thermodynamic measurements of solid 4He were made by several groups. If the
supersolid state arises from a condensation of weakly interacting vacancies there will be a change
in the entropy of the solid phase, and therefore the pressure from Eqn. 2.3.

2.3.
No such change was observed [van de Haar 1992].
The last measurement I would like to discuss is very interesting because the authors state
that their data are consistent with the observation of BEC in solid 4He. Goodkind and
collaborators observed an increase of the sound velocity below ~200 mK and an accompanying
peak in the ultrasound attenuation within the crystal [Leguna 1990, Ho 1997]. They show that,
“specific properties of the anomaly can be explained by a continuous (second order) phase
transition from a Bose condensed state above a critical temperature to a normal state below it.”
They interpret this as the BEC of thermally activated vacancies above 200 mK. Below 200 mK,
there is no BEC because there are not enough thermally activated vacancies. They also find an
activation energy of ~1 K. In a subsequent experiment, Goodkind looks at the interaction of
acoustic waves with heat pulses in the solid. They find a fast traveling wave in the solid at low
temperature which appears to be carried by non-phonon excitations. On the high temperature side
of the transition, the excitation spectrum is gapped. Again, this is consistent with their model of
Bose condensed excitations.
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Supersolidity after 2004
The breakthrough papers of Kim and Chan reporting an apparent supersolid effect in
solid 4He set in motion numerous other experiments. Since their discovery there has been a
plethora of other torsional oscillator (TO) experiments confirming their initial results. The
interpretation of NCRI as a true supersolid signal was also bolstered by the discovery of a heat
capacity peak [Lin 2007]. Perhaps the most exciting recent discovery was that of Day and
Beamish where they find that the shear modulus of solid helium increases at low temperature,
sharing many of the same features seen in the NCRI measurements [Day 2007]. However,
multiple scattering experiments find no evidence of any structural or energetic changes in the
region where NCRI is seen in the TO experiments. The theoretical side of things is messy as well.
That is perhaps best summed up by the title of a paper by Wu and Phillips, “Supersolidity is
Dirty” [Wu 2007].

Torsional oscillator measurements of Kim and Chan
In 2004, Kim and Chan published two papers [Kim 2004a, Kim 2004b] clearly
demonstrating the existence of NCRI in solid helium as predicted by Leggett [Leggett 1970]. The
interpretation of this mass decoupling as proof of the existence of a true supersolid phase of
matter is still not resolved. However, it is clear that something is happening in solid helium at low
temperatures and these papers kicked off a subsequent flurry of activity in the field.
The first paper, published in Nature, shows a mass decoupling effect for solid 4He
confined within Vycor glass [Kim 2004a]. Vycor is a porous glass with interconnected pores of
~7 nm diameter and ~30% porosity (i.e. open volume). Assuming the same tortuosity correction
used for superfluid 4He in Vycor, the low temperature NCRI is 2.5%. They find that the onset of
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NCRI begins gradually at ~200 mK then saturates at low temperature (near ~40 mK). As the
period changes, an associated dissipation peak (drop in the amplitude) is also observed. The
NCRI was found to decrease with increasing drive level, showing a critical velocity, vc, of ~10
µm/s (extremely low compared to liquid helium with a vc of ~1 m/s). They found that with
increasing 3He concentration, X3, the size of the period drop diminished and the onset moved to
higher temperatures. After increasing X3 to ~0.1% and higher, they observe no decoupling. The
first NCRI data produced by Kim and Chan actually came from 4He in porous gold (with
diameter of ~490 nm) and shows qualitatively the same results as the Vycor experiment [Kim
2005]. As a control experiment, Kim and Chan replaced the torsion bob with a solid brass disc to
see if the effect could be due to stiffening of the helium in the torsion rod. No NCRI was found
for this configuration.
The first observation of NCRI in bulk helium was also published that year [Kim 2004b].
Using an annular geometry, they observe the same sort of NCRI, dissipation peak, and critical
velocity effects as were seen for 4He in Vycor. No NCRI is observed when the cell was filled
with high purity (99.999%) solid 3He. With this geometry, another crucial control experiment
could be performed. By blocking the annulus (in a separate cell), they see a drastic reduction in
the NCRI. The NCRI was ~1.5% of the expected decoupling. A calculation by Mueller indicates
that for an irrotational fluid in this geometry, the expected decoupling is ~0.8% of the unblocked
result. We now know that there are vast differences in NCRI from cell-to-cell so this calculation
of the expected decoupling in a different cell is questionable. The blocked annulus result was
reproduced by Rittner and Reppy [Rittner 2008]. They designed a cell in which they can
reversibly block the annulus, eliminating the problems associated with using different cells. They
confirmed the results of Kim and Chan, observing no NCRI for the blocked configuration. Their
measurement was fairly noisy for the blocked case (as the result of nearby construction) so they
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were not able to quantify the suppression of NCRI. However, it is clear that there was a drastic
reduction (from 17.1% to less than 0.8%).
Using the same annular cell, Kim and Chan also looked at the effects of pressure on
NCRI [Kim 2006]. They adapted the cooling method by installing a 3He heat switch and cooling
from fine copper wires attached to the bottom of the oscillator. The main result is the appearance
of a peak in NCRI near 60 bar. Extrapolating the high pressure data, it appears that the NCRI
would disappear near 170 bar. It makes sense that the NCRI should decrease with pressure since
4

He becomes more classical as the pressure is increased (from the DeBoer parameter, Eqn 2.1,

higher pressure leads to increased confinement). The initial increase in NCRI is slightly strange
but could be explained by crystal quality (closer to the melting curve at low pressure, defects are
more mobile and therefore more easily annealed away).

Subsequent torsional oscillator experiments
After the publications of Kim and Chan several groups have qualitatively reproduced
their results. It was almost immediately clear that disorder was intimately linked to the NCRI
response. The discovery of hysteretic effects leads many authors to interpret their data in the
context of dislocation pinning [Granato 1956] or Anderson’s vortex model [Anderson 2007]. In
this section we will review this body of work and discuss some of the unique features of these
experiments and the various authors’ interpretations of the data.
One of the first groups to reproduce the TO data was Shirahama’s [Kondo 2007]. They
find an NCRI of 0.14% at their base temperature of ~70 mK. Soon after, Rittner and Reppy began
by looking at NCRI in a rather large cell (1.4 cc) with square sample geometry. The interior of the
cell was made into a cube using (high-thermal-conductivity) tellurium-copper inserts. The
impetus for the square geometry was to test if the NCRI observed by Kim and Chan could be the
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result of a classical slippage effect of the solid 4He at the wall. They report data for a 27 bar
sample which underwent a bcc-hcp phase transition (melting temperature ~1.75 K). Rittner and
Reppy observe that warming the crystal to ~1.2 K substantially reduced the NCRI and dissipation
peak. Further annealing at ~1.5 K reduced the NCRI to a level below their resolution (<0.05%)
[Rittner 2006]. Such a dramatic annealing effect is not common to all TO experiments. Penzev et
al. find that the NCRI increases by 10% upon annealing [Penzev 2007] and Kondo et al. find no
change [Kondo 2007]. Annealing effects and all forms of disorder is the subject of Ch. 4.
However, we would like to note that the Rittner and Reppy experiment was one of the first to
make it explicitly clear that ‘disorder’ played a large role in the NCRI phenomenon.
By using thin annular geometries (with widths of 0.30 mm and 0.15 mm) to increase the
disorder within their sample, Rittner and Reppy report NCRI values of ~20%. In this thin annular
geometry there is a very tiny amount of helium allowing for rapid quenching of the samples.
They show a trend of increasing NCRI with the surface-to-volume ratio (S/V) of the experimental
cell [Rittner 2007]. Probing for an upper limit to NCRI, they use a cell with two removable rods
inserted within the flow path. By changing these rods, they are able to either constrict, or
completely block the flow path (confirming Kim and Chan’s blocked annulus experiment).
Combined with their previous experiments, they conclude that the NCRI exhibits a maximum of
~20% for annulus widths of ~100 µm [Rittner 2008].
The evidence of disorder enhanced NCRI was seen by other groups. Kim’s group reports
TO data from quench cooling helium confined within porous gold [Kim 2009]. They find NCRI
up to 7% and long relaxation times at low temperature which they interpret as evidence of
pinning of low energy excitations. The enhancement of NCRI with quenching in porous gold to
NCRI values well above what is observed in Vycor lead the authors to conclude that quenching,
rather than confinement effects, which lead to large NCRI values.
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Kojma’s group at Rutgers uses a compound oscillator which allows them to probe the
NCRI response of the same solid 4He sample at two different frequencies (496 Hz and 1173 Hz)
[Aoki 2007]. They find that at higher frequency, the onset of NCRI is pushed to higher
temperatures and broadened. However, at low temperature the saturated NCRI is the same for
both frequencies. They also find the broadening of the NCRI transition region is more
pronounced with the addition of 3He impurities [Gumann 2010]. The drive-dependence of the two
modes indicates that it is a critical velocity effect, not a critical acceleration, or amplitude. The
differences between these three scenarios are indistinguishable when using a single frequency (we
note that their results are contrary to the results of Day and Beamish, whose observations are
consistent with a critical stress, this discrepancy is discussed later on). The group also studies the
effect of sudden changes in drive level at constant temperature. They find some quite interesting
dissipation dynamics taking place, with both exponential and logarithmic time-dependant decays
as well as memory effects [Aoki 2008a].
Aoki et al. also show that there is a dramatic hysteresis effect. Sitting at low temperature,
they start at high drive and decrease the drive level finding that the NCRI increases. Increasing
the drive again does not decrease the magnitude of NCRI. It remains at the low temperature value
even though the velocity is almost two orders of magnitude higher than the observed critical
velocity.
The hysteresis effect was also reported by Clark et al. [Clark 2008]. They find that after
increasing the drive at low temperature, the NCRI does not start to decay until the sample is
warmed to between ~40-60 mK . If the sample is then cooled again it can ‘freeze in’ an
intermediate metastable state. Warming above ~60 mK reduces the NCRI to its lowest (and
reproducible) value. Both Aoki and Clark interpret their data in the context of Anderson’s vortex
liquid model (discussed below).
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Penzev et al. find that the temperature dependence of NCRI is linear when plotted as
log(vrim) vs. 1/T2, which they report as evidence of quantized vortices [Penzev 2008]. In further
work by the group, they propose that the reversible high temperature end of the NCRI curve is
actually evidence of a vortex fluid state and that only the hysteretic part of the NCRI below ~60
mK is the true supersolid state [Shimizu 2009, Kubota 2010].
Kim’s group has recently published a phase diagram showing four distinct phases in solid
helium [Choi 2010]. Decreasing in temperature, they see the solid going from a normal solid
phase to a phase with unpinned excitations. Further decreasing the temperature leads to a
metastabaly pined vortex fluid phase and finally a fully pinned region as T goes to zero.
A beautiful TO experiment was performed by Hunt and Pratt using a SQUID based
detection system and an ultra-stable cryostat [Hunt 2009]. Using a generalized susceptibility, they
find their data to be qualitatively consistent with a glassy transition. However, if they use this
model to fit the dissipation data, the observed frequency shift is ~10 times too large.

Tony gets his very own (and very tiny) section
Supersolidity was also searched for unsuccessfully in solid para-hydrogen [Clark 2006].
A small drop in the period was observed at low temperature. However, this system fails the
crucial blocked annulus test indicating that it is not the result of superflow. This, along with
extremely long relaxation times, leads the authors to conclude that the small period drop was due
to the clustering of ortho-hydrogen.
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Heat capacity measurements
If the NCRI observed in TO experiments is truly an indication that solid helium is
undergoing a normal-to-supersolid transition, there should be a thermodynamic signature which
accompanies it. In liquid helium, this is the famous lambda peak. The heat capacity of solid
helium has been studied by many groups at high temperature but these measurements were not
extended to below 100 mk before 2005 [Wilks 1967]. The ultra-low temperature heat capacity
measurements were started by Clark et al. [Clark 2005] and improved upon by Xi Lin. Using a
high-sensitivity ac-calorimetry technique (and low heat capacity crystalline silicon or sapphire
sample cells), Lin et al. have measured the heat capacity of solid 4He to below ~30 mK. They
have discovered a peak in the heat capacity of solid helium in the same temperature region where
NCRI is observed [Lin 2007, Lin 2009]. A typical heat capacity peak (with the background and
phonon terms are subtracted) is shown in Figure 2-1.
Lin et al. find that the heat capacity peak shares many features with the NCRI data. The
peak temperature and magnitude increase with the amount of disorder within the sample. For a
solid sample that does not fill the cell (in coexistence with superfluid liquid), the peak becomes
smaller and more symmetric but is still clearly observed. For increasing 3He concentration,
whereas the onset temperature increases in the TO data, there is no change in the heat capacity
peak until high enough concentrations are reached to produce phase separation. The peak they
observe is clearly not as sharp as the lambda peak in liquid helium. The broadness and Gaussian
shape of the peak is highly suggestive of a distribution of transition temperatures. This is perhaps
due to the local degree of disorder effecting the transition temperature, or it could be an indication
that the peak is related to some kind of crossover phenomenon.
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Figure 2-1. The heat capacity peak in solid helium from Lin et al. with the background and T3Debye term subtracted.

Pressure measurements
High precision pressure measurements of the solid-liquid melting curve of 4He with
extremely high quality (Λ < 102 cm-2) solid 4He were made by Todoshchenko and collaborators
[Todoshchenko 2006]. They initially report a glassy contribution which they later find to be an
artifact of a non-linear effect in the diaphragm of their pressure gauge. To within an accuracy of
0.5 µbar, they find no deviation in the pressure vs. temperature curve from the phonon-T4
behavior from 10 - 300 mK. If there were a phase transition in solid helium at low temperature
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you would expect a deviation in the slope of the melting curve from the Clausius-Clapeyron
relation given by Eqn. 2.4.
∂P
∂T

∆
∆

2.4.

Where ΔS is the difference in entropy and ΔV is the difference in the molar volume of the liquid
and solid phases. Therefore, if any phase transition occurs in the solid, it should show up in the
entropy (and/or volume change) of the solid phase. Since there is no reason to expect anything to
happen in the liquid phase so far below the lambda transition, there should be a signature of the
transition in the melting curve.
Grigor’ev and collaborators perform similar pressure measurements for solids off the
melting curve [Grigor’ev 2007, Grigor’ev 2008, Rudavskii 2010]. They find a T2-term in the
pressure data (which would indicate a linear term in the heat capacity) consistent with glassy
behavior. This term can be dramatically increased when they stress the crystal at low temperature.
It can also be effectively reduced or eliminated by annealing. This is similar to recent preliminary
results where the NCRI is found to be increased in a TO experiment when the sample is deformed
in-situ [Reppy 2010].

Shear modulus of solid helium
In 2007 Day and Beamish published the rather surprising result that the shear modulus of
4

He increases at low temperature [Day 2007a, Syshchenko 2009]. This shear modulus change has

nearly identical temperature dependence to the NCRI data. They also find similarities to the
NCRI data in the observation that that the shear modulus anomaly is accompanied by associated
dissipation peak, similar responses to 3He impurities and frequency, and hysteretic effects. Rather
than a critical velocity effect, their data is consistent with a critical stress. Recall that Kojima’s
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group reported a critical velocity effect in their compound oscillator experiment [Aoki 2007].
This discrepancy is not well understood.
By studying the change in shear modulus over a large frequency range (0.5 Hz to 8 kHz)
they conclude that the stiffening and dissipation peak, “… are associated with a dynamical
crossover of a thermally activated relaxation process in a disordered system rather than a true
phase transition. If there is a transition to a dc response, e.g., to a supersolid state, it must occur
below 55 mK” [Syshchenko 2010]. Day, Syshchenko, and Beamish attribute the increased shear
modulus at low temperature to the pinning of mobile dislocation lines by 3He impurities.
The shear modulus increase was also seen by Balibar’s group [Rojas 2010a].
Piezoelectric transducers probe the resonant frequencies of the entire cell. Using a large open cell
and making use of their optical cryostat, they are able to grow large single crystals of known
orientation. Starting with isotopically pure (0.4 ppb 3He) and growing crystals very slowly at ~50
mK, they show that the resulting samples are nearly defect free as long as they stay on the
melting curve. What little 3He there was in the beginning is pushed out into the liquid regions due
to the heat flush effect. Growing the crystals very slowly results in extremely low dislocation
densities. Crystals of this sort are what I would consider ‘experimentally perfect’. Meaning, the
highest quality that is experimentally achievable. Using existing data on the elastic properties of
4

He and calculations by Maris, they find the expected resonant modes of the helium. Rojas et al.

find that their data is consistent with the helium softening at high temperatures, rather than
stiffening at low temperatures. The low temperature frequency values match closely with the
calculated values [Rojas 2010b].
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The search for additional sound modes
In superfluid 4He, the existence of more than one sound mode is developed naturally
from Landau’s two-fluid model [Landau 1941]. In the theory of a supersolid, second sound was
predicted as part of the original Andreev and Lifshitz hydrodynamic model [Andreev 1969]. Soon
after, Saslow and Liu predicted that fourth sound would also exist in a supersolid [Saslow 1977,
Liu 1978].
Additional sound modes have been searched for unsuccessfully by several groups. Aoki
et al. use a highly sensitive bolometer to detect heat pulses launched by heater on the opposite
side of the cell. They look for two distinct sound modes, one carried by the phonons and an
additional mode carried by the superfluid component [Aoki 2008]. However, they find no
evidence of any additional sound modes. Mukharsky and collaborators looked for low frequency
acoustic resonant modes [Mukharsky 2007]. They observe ‘anomalous features’, which are sound
modes too low in frequency to be accounted for by the first sound velocity. Unfortunately, these
modes were not reproducible, depending highly on growth conditions and sample history. Kwon
and Mulders attempted to search for additional sound modes in solid helium using an acoustic
resonant technique to perform experiments analogous to those showing second and fourth sound
modes in liquid 4He [Kwon 2010]. First, they use a porous membrane as a transducer to look for
sound modes in the bulk. Next, they used PZT transducers to study the modes of helium in porous
Vycor glass. Again, they find no evidence of any additional sound modes.

Flow experiments
Day and Beamish performed a series of experiments looking for pressure driven flow in
solid helium through both Vycor glass [Day 2005] and an array of glass capillaries 25 µm in
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diameter [Day 2006]. They observe no pressure induced flow at low temperature and put
strenuous limits on the flow rates that are seven orders of magnitude smaller than the critical
velocity observed by Kim and Chan. Day and Beamish do observe flow very close (within ~20
mK) to melting [Day 2007b]. They find that there are essentially two classes of defects; those
which can be annealed over several hours at relatively low temperatures (1.2-1.5 K), and those
which remain effectively frozen until very close to melting.
A low-frequency ac-flow experiment was also performed by Rittner et al. finding no
pressure induced flow [Rittner 2009]. The experiments by Day and Beamish and Rittner et al. are
similar in the fact that they apply pressure directly to the solid helium in one chamber and look
for a pressure increase in a second chamber. It is possible that pressing on the solid matrix is not
sufficient to produce mass flow in the superfluid component (assuming that one exists). The ideal
test is to produce a chemical potential gradient by pushing on the superfluid component directly.
This is exactly what Ray and Hallock have been attempting. Taking advantage of the fact that an
overpressure of ~10 bar is needed to solidify helium in Vycor, they have a chamber of solid
helium connected by two Vycor rods. These thin rods also support a temperature gradient so that
they can ‘push’ directly on the liquid helium above. They observe flow at temperatures below
~300 mK. The connection with supersolidity is still unclear and they are working to reduce their
base temperature to make contact with the torsional oscillator data [Ray 2008, Hallock 2010].
Balibar’s group found interesting possible evidence for flow in solid helium [Sasaki
2006]. Using an inverted test tube submersed completely in helium, they were able to grow
helium crystals where the liquid-solid interface within the test tube was higher than the interface
on the outside of the tube. When grain boundaries were present, the interface in the test tube
would drop and two interfaces would equilibrate. Furthermore, the velocity of the interface
moved linearly in time which is indicative of a flow at critical velocity. With no grain boundaries
present, they did not observe any relaxation of the height over long time periods. Initially, they
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interpret their results as liquid flow through superfluid grain boundaries. In subsequent
experiments by the group, they find that when a grain boundary emerges from the crystal at the
liquid-solid interface, the grain boundary makes a groove with a dihedral angle ≠ 0 [Sasaki 2007].
This means that when a grain boundary emerges at an interface (when the crystal is on the
melting curve in coexistence with the liquid) it forms a channel with a triangular cross section.
With this information, they reinterpret the effect as the result of flow along these liquid channels
where the grain boundaries meet the glass.

Scattering experiments
Synchrotron x-ray scattering experiments by Burns et al. show no evidence of a transition
in the Debye-Waller factor or lattice constant down to 50 mK [Burns 2008]. They find that
growing crystals with similar parameters (volume, growth technique, crystal growth times) to the
TO experiments produces rather large (~mm size) crystals. A mosaic structure consistent with
small angle grain boundaries is observed. They find that even at low temperatures, these crystals
continue to be surprisingly mobile.
Blackburn et al. find no temperature dependence to the mean-square displacement and no
evidence of any anomaly in the lattice parameter [Blackburn 2007]. They do find a slight
anisotropy in the atomic motion, <u2>, for in-plane (0.122 ± 0.001 Å2) and out-of-plane motion
(0.150 ± 0.001 Å2). This means that atomic motion is easier in the out of plane direction (along
the c-axis). This is not entirely unexpected since the lattice constant is also larger along the c-axis.
Also using a neutron scattering technique, Diallo et al. find a condensate fraction, n0 = (0.10 ± 1.20)% (consistent with zero), down to 80 mK [Diallo 2007]. The group performed
another neutron scattering experiment with helium confined between the planes formed by
parallel aluminum sheets [Diallo 2009]. This produced the same high S/V which Rittner and
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Reppy found to produce large NCRI. They find no condensate fraction in this geometry either,
with n0 = (0.0 ± 0.3)%.
The single atom kinetic energy, κ, was measured by Adams et al. from 0.07 K to 0.4 K
[Adams 2007]. They find no change in κ to within their statistical error of ~2% for both single
crystals and polycrystalline samples. They find the lattice constant to be temperature independent
to within 1 part in 2000. There was also no effect of adding 10 ppm of 3He. This result is
consistent with the neutron scattering experiments of Kirichek at ISIS [Kirichek 2009].
In conclusion, none of the scattering experiments (both neutron and x-ray) have shown
any evidence of an anomaly in either the kinetic energy or the structure of solid 4He in the
temperature range where NCRI is observed. Of course, with any null result it is always possible
that improved resolution or lower base temperatures are needed.

Theory trash
As Milton Cole likes to say, “Any theory is bound to be trash”. As a lowly
experimentalist I am not qualified to make a determination of whether the recent solid helium
theory papers are trash or not. We will review them in this section regardless.
It was quickly realized that the original models of involving BEC of a vacancy gas was
insufficient to capture all of the relevant physics of the experiments. It was clear that disorder was
involved and this immediately makes the theory extremely complicated. Aside from making what
is essentially an educated guess, there is no way to write down the Hamiltonian for this system.
The two viable ways of tackling the problem from a theoretical standpoint seem to be either doing
‘computer experiments’ using path integral Monte Carlo (PIMC) techniques or using a
phenomenological approach.
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Several PIMC calculations have been performed using different computing algorithms.
None of them observe a condensate fraction for the case of a commensurate crystal [Clark 2006,
Galli 2006]. Prokof’ev and Svistunov prove that, “…the necessary condition for a solid to be also
a superfluid is to have zero-point vacancies, or interstitial atoms, or both, as an integral part of the
ground state” [Prokof’ev 2005]. The activation energy for vacancies and interstitials are found to
be 13 K and 23 K respectively [Boninsegni 2006a]. Therefore, the prospect of seeing a thermally
activated supersolid effect at ~0.2 K is simply unphysical. Furthermore, vacancies are found to be
attractive and would therefore phase separate instead of forming some sort of background
vacancy gas that would be required for BEC. Bonninsegni et al. find that when they ‘quench’ the
atoms in their simulation, the resultant solid is what they call a ‘superglass’ [Boninsegni 2006b].
That is, a metastable amorphous solid possessing both ODLRO and superfluidity. In subsequent
work they show that local stresses (i.e. in the vicinity of defects) may be sufficient to close the
energy gap for creating vacancies [Pollet 2008].
Most of the theoretical attention has turned to disorder mediated supersolid scenarios.
Pollet et al. look at grain boundaries, finding that generic grain boundaries (at the melting
pressure and in contact with the superfluid) are superfluid with a transition temperature of ~0.5 K
[Pollet 2007]. They also find non-superfluid grain boundaries for special high-symmetry grain
orientations. It was also found that the cores of screw dislocations aligned with the c-axis of the
hcp crystal are superfluid [Boninsegni 2007]. This gives us the possibility of having 3D
superfluidity arise from a network of 1D superfluid channels. Such a phenomenon is known as
the Shevchenko state [Shevchenko 1987].
The phenomenological approach was also employed to tackle the problem of supersolid
helium. Starting from the Landau form of the free energy, Dorsey and collaborators develop a
model for the normal-to-supersolid transition [Dorsey 2006]. They find that a lambda anomaly in
the heat capacity should occur for this transition but that it may be broadened by inhomogeneous
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strains within the crystal. Toner (again, using the Landau model) finds that quenched dislocations
may facilitate a supersolid transition even in systems where the dislocation-free crystal does not
become supersolid [Toner 2008].
Anderson, Brinkman, and Huse look at the thermodynamics in the case of an
incommensurate quantum (not specifically Bose) crystal with zero-point vacancies and
interstitials and show that the vacancy concentration should go as T4, with a correction to the
specific heat which goes as T7 [Anderson 2005]. Compared to the usual exponentially activated
vacancy picture, they show that this fits equally well (if not better) to the x-ray measurements of
the lattice constant by Frass and Simmons [Frass 1989]. They also note that the dissipation
signature should not be present in a true supersolid and predict that this may simply be a
precursor to the true supersolid state. In a later paper, Anderson compares the NCRI effect (which
he refers to as non-linear rotational susceptibility) with the pseudogap phase in high-TC
superconductors predicting that they are both manifestations of a vortex fluid phase above TC
[Anderson 2007, Anderson 2008]. Using a Gross-Pitaevskii Hamiltonian to describe a gas of
delocalized quantum vacancies, Anderson argues that, “every pure Bose solid’s ground state is
supersolid” [Anderson 2009].
There have been several recent glass models of the supersolid behavior. Balatsky et al.
reanalyze the data of [Clark 2006] and interpret it as evidence of a possible glass transition
[Balatsky 2007]. The group also developed a model in which the period drop and dissipation peak
can be accounted for by a (non-superfluid) glass model [Nussinov 2007]. This glass model is
extended in a later paper and used to fit data from three separate oscillator experiments [Graf
2010]. They find that the glass model can be used to fit the TO data (with significantly different
distributions of relaxation times for different experiments). Graf and collaborators also state that,
“The mechanical response of a torsion oscillator does not require a supersolid component to
account for the observed anomaly at low temperatures, though we cannot rule out its existence.”
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Since the discovery of a dramatic increase in the shear modulus of solid helium by Day
and Beamish, many have wondered if the entire NCRI effect could be related to the increased
stiffness of the helium. Yoo and Dorsey develop a viscoelastic model of solid 4He and find that
while they can account for the dissipation peak, they only account for ~10% of the observed
period shift [Yoo 2009]. Using finite element calculations Clark et al. find that an increase in the
shear modulus is not sufficient to produce the period shifts seen in the experiments [Clark 2008].

Summary
It is clear that copious amounts of blood, sweat, and certainly the tears of many scientists
have gone into searching for this enigmatic supersolid phase. Some of the evidence seems to
point to specific interpretations (such as dislocation models) but there is also plenty of data which
is inconsistent with any of these pictures. To further complicate matters, a few of the results seem
to simply contradict one another.
The plan is to present the data that I have collected and projects which I have been a
collaborator on in the Chapters 4 and 5, then attempt to pull everything together into a consistent
picture. Or in the very least to lay out the current state of the field and discuss the controversies,
puzzles, etc.

Chapter 3
Experimental Methods

Overview
The main tools used for the experiments contained within this dissertation are the
torsional oscillator (TO) and the dilution refrigerator. The first person to use a torsional
oscillation to look at the properties of helium was Andronakashvili [Andronikashvili 1946]. He
used a stack of aluminum discs (with thin spacings between them) suspended by a torsion wire to
look at the viscous damping by liquid helium. This apparatus enabled him to make the original
measurement of the superfluid density. This oscillator was later adapted and refined by J. D.
Reppy and collaborators for studying the superfluid transition in thin helium films.
The general theory and electronic circuitry used with the TO has been exhaustively
described by many people; see, for instance, Richardson and Smith Ch. 4 [Richardson 1988], or
Eunseong Kim’s thesis [Kim 2004]. This chapter will contain a general overview of the principles
of the TO. We will also make some general statements about the design, operation, and circuitry
which apply to all TO experiments. The specifics regarding the design or technical details of any
one given oscillator will be presented along with data from that experiment in subsequent
chapters.
Pobell does a fantastic job of introducing the basic principles of dilution refrigeration that
I will not repeat, choosing instead to concentrate on the finer points of DR operation and more of
the technical details which pertain to our experiments.
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Toorsional Osciillators
The to
orsional oscillator is a highhly sensitive toorsional penddulum used too detect changges in
t torsional cell
c is attacheed by
thhe moment off inertia of thee torsion bob. As shown inn Figure 3-1, the
thhe torsion rod
d to a fixed baase. The periood of oscillatioon, τ, is givenn approximateely by

τ

2π

I
k

3.1.

W
Where
I is the moment of innertia of the oscillating
o
maass, and k, thee spring consttant of the torsion
rood.

Figure 3-1. Behold the infam
mous torsionaal oscillator!
T drive and detection elecctrodes each serve
The
s
as one half
h of a capaacitor. The cennter electrodee (or
fiin) serves as the
t other half.. By applyingg a voltage to the drive elecctrode, a forcee is applied too the
ceenter electrod
de, producing a torque abouut the axis off the torsion rood. The motioon is measureed by
thhe induced cu
urrent on the detection
d
elecctrode. The osscillator is driven at resonaance using a
sttandard lock-iin amplifier teechnique. Thee circuit diagrram is shownn in Figure 3-22. The dashedd box
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shows the portion of the experiment which is contained within the cryostat; the rest is at room
temperature.

Figure 3-2. Torsional oscillator circuit. Modified from Clark’s thesis [Clark 2007]. See text for a
full description.
The Princeton Applied Research PAR 124A lock-in amplifier (Lock-in #1 in the
diagram) together with the current pre-amp (model PAR 184) is the heart of the circuit. The
signal from the detection electrode is first amplified by the low-noise, low-impedance current preamplifier and then further amplified after coming out of the signal monitor port by a voltage
amplifier (PAR 113). This second amplifier only has a gain of ~10, but we find it useful in
certain circumstances for maintaining a lock to resonance for small signals. The signal then reenters the PAR 124A at the reference in port. The amplitude of the detection signal is recorded as
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a 0-20 V signal from the dc-output. This dc-output, VDC, is equal to 10 V when the input to the
lock-in is equal to the ac sensitivity selected on the front panel. The output is an ac signal that is
locked to the input; meaning, the same frequency as the input (with a fixed phase angle) and fixed
amplitude. The output (or drive voltage) passes through a ratio transformer to clean up the signal
and eliminate any 60 Hz noise before returning to the drive electrode. For certain experiments,
the drive voltage can be quite small (~10’s of micro-volts). To deal with this, the second lock-in
amplifier is set to the AC-voltmeter mode and simply used to measure the drive voltage, VDrive,
accurately. The other complication from the small signals is that the output ac voltage ranges
from 0-10 V. Trying to control this at the microvolt level is not possible. For this, we simply use
a higher drive voltage and insert an attenuator (either 10 or 30 dB) on the output of the lock-in.
The two dc-voltages, VDC and VDrive, are measured with standard HP 34401 multimeters (not
shown).
The voltage on center electrode is offset with respect to ground by a dc bias voltage,
VBias. The bias voltage produces a torque (you can think of it as pre-loading the oscillator) and the
ac drive-voltage is superimposed on that offset. Using the bias voltage greatly reduces noise in
the circuit from mechanical oscillations. The dc bias voltage (usually ~200 V) is supplied by a set
of standard 9 V batteries in series. We do not use a dc power supply because it is nearly
impossible to eliminate the 60 Hz noise from the ac-to-dc converter. In some cases, we have put
the bias voltage box inside of a cooler to reduce the fluctuation in the bias due to the changes the
temperature of the room. It is also crucial to note that there is a large resistor (several MΩ) in the
line between the bias voltage and the center electrode to protect the experiment in the case of an
accidental short to ground.
The frequency of the oscillator is measured after amplification by the PAR 113 voltage
pre-amp. We use a HP 5335A frequency counter with an external time base generated by a HP

35
8656B (with a temperature controlled frequency standard). These signals are collected via GPIB
interface using Labview.
The key to high sensitivity measurements with the torsional oscillator is both the high
quality factor of the oscillator (which gives high instantaneous resolution, in other words, small
line width), and the stability of the measurement over long time periods. With a typical period of
~1 ms, we can achieve a resolution of <0.1 ns, or 1 part in 107. This corresponds to a quality
factor of ~106. The quality factor is a measure of the dissipation in the system and is typically
determined by removing the drive voltage and fitting an exponential to the ring-down in the
oscillation amplitude.
The high Q-factor at low temperature is mainly the result of the choice of material (and
proper heat treatment) of the torsion rod. For the experiments described in the subsequent
chapters, we have used both the beryllium-copper (BeCu) alloy C1700 and coin silver (AgCu).
BeCu tends to have a slightly higher Q-factor. However, AgCu has significantly higher thermal
conductivity (a factor of ~20) and less temperature-dependence to the empty cell background.
Based on a suggestion by Sangil and Wonsuk, a dummy-cell was constructed out of Zirconium
Copper because it looked like a good alternative to BeCu with higher thermal conductivity. It has
a high Q-factor at low temperatures, but we never had a good reason to construct an experimental
cell from this material.
BeCu has historically been used for most of the TO experiments. It is purchased in the
commonly available ‘¼ hard’ state and is relatively easy to machine. Although people typically
refer to the heat treatment as annealing, the BeCu is actually age hardened at 316° C in vacuum
for one hour and allowed to cool slowly. After heat treatment, the material is quite stiff and
cannot be easily machined or modified.
AgCu is an alloy of 90% silver and 10% copper. Unlike BeCu, which is age hardened,
the heat treatment of AgCu is an annealing process. The annealing makes the torsion rod quite
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soft and it must be handled very carefully to prevent bending the torsion rod, which would induce
strain and effectively un-do the annealing. The AgCu torsion rods are annealed at 700° C in either
1 atm of UHP 4He gas or in vacuum ([Morley 2002] and private communication with John
Saunders). We found no difference between the two annealing atmospheres. However, at such
high temperatures, the copper seal on our vacuum chamber has a tendency to leak. The air that
leaks into the vacuum space results in oxidation that ruins the part. High-grade hardware, high
temperature anti-seize thread lubricant, and a progressive torque sequence is also essential.
As we mentioned earlier, the other key to these high precision measurements is the long
term stability (~24 hours). Mechanical noise seems to be the largest contributor to this. The
oscillator itself is mounted to a large copper stage suspended by another torsion rod from the
mixing chamber stage. This vibration isolation stage essentially acts as a mechanical low pass
filter. We try to make the natural frequency of this stage as low as possible (typically 30-50 Hz).
However, this only damps the torsional noise and does nothing to damp the vertical or pure
horizontal vibrations. We also have to worry about modes that would cause the oscillator stage to
swing like a pendulum from the mixing chamber. The entire cryostat is suspended by four passive
air legs from a sturdy frame, all of which is contained within a shielded room. The shielded room
itself is designed to act as a Faraday cage. It also does a nice job of damping acoustic vibrations.
Other sources of external noise from the mechanical pumps, etc. need to be minimized or dealt
with also. One problem that we cannot help is the need to transfer cryogens every week. Even if
we are extremely careful, this produces considerable vibrations. Typically, we will see an offset
in the period of a nanosecond or two after transferring LN2 and LHe. Other long-time-scale
fluctuations include things such as variation in readings due to the temperature of the electronics.
This has been minimized by using the temperature controlled time standard discussed earlier.
The noise in the oscillator data does get considerably worse at low frequency. Due to
practical considerations, the vibration isolation stage cannot be made for arbitrarily low
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frequencies. The power spectrum of noise is much worse at the low frequency end due to 1/f
noise (there are also multiples of 60 Hz, which are problematic if the oscillator frequency is too
close). It seems that any oscillator we have attempted with a resonant frequency below ~500 Hz
was incredibly noisy.
So far, all of this has dealt with the torsional oscillator itself. There is also the issue of
getting the helium from the gas bottle at room temperature into the cell. The portion of the gas
handling system at room temperature is rather unremarkable. Helium is fed into the fridge by a
stainless steel fill line and goes through four heat sinks before it reaches the oscillator. The first
two heat sinks (at the 1K pot and the Still) are simple wound capillary heat sinks. The last two are
sintered silver heat sinks at the 50 mK stage and the mixing chamber, each with a surface area of
~1m2 (to ensure thermal contact between the helium and the heat sink at low temperature when
the Kapitza resistance is a factor). There is ~1 m of small diameter capillary between each heat
sink to reduce the thermal conduction from the helium, specifically in the superfluid state. Each
heat sink has its own heater and thermometer and is attached to the cryostat by a copper weaklink. There is a delicate balance between ensuring that the link is strong enough to intercept most
of the heat coming down the fill line, but not so strong that holding the heat sink at a temperature
above that of the cooling stage results in too much of a heat load applied to the fridge. This is not
so much of an issue when growing blocked capillary samples; however, when growing constant
pressure or constant temperature samples (especially from the superfluid at base temperature) the
configuration of the heat sinks is crucial. This is because of the need to run the fridge ‘flat out’ to
cool the cell while maintaining the necessary temperature gradients along the fill line to first, seed
the crystal within the cell, then freeze the liquid in the heat sinks in order from the bottom to the
top to ensure that no liquid pockets remain trapped anywhere in the capillary.
Running the experiment with liquid in the cell presents a few additional challenges. The
superfluid carries a tremendous amount of heat down the fill line. At some point we moved the
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thermal link of the highest temperature heat sink from the 1K pot stage to the top of the vacuum
can, which is at 4 K. This works well for growing solid samples at or above ~1 K. It is also
extremely convenient because you can run the 1 K pot independently of the heat sinks (you only
have to control three heat sinks instead of four). When the fill line contains solid helium, the heat
load from 4 K to the still heat sink is manageable. However, using this same configuration when
there is superfluid in the fill line results in a tremendous heat load on the still and the cryostat
cannot cool much below ~1.5 K. For performing any work with liquid helium in the cell, it is
crucial to have the fill line well heat sunk to the 1 K pot since it has far greater cooling power
than any other stage.

A few more side notes
The PAR lock-in amplifier turns out to be crucial for this experiment. We have attempted
to replace it with more modern digital lock-in amplifiers (such as the Stanford Research Systems
SRS830) without much luck. The PAR unit is completely analog and does not have the digital
noise associated with the processors, etc. that the new units have. Due to their limited availability,
we have also looked for a replacement for the PAR 184 current pre-amp. We found that it was
possible to run the experiment with the SRS 570 low-noise current preamplifier. However, in the
10-9 A/V setting there is a significant attenuation in the signal at high frequency. The gain needs
to be reduced to 10-6 A/V to have a frequency response that is flat up to ~1 kHz. Our entire
experiment is enclosed within a shielded room which acts as a Faraday cage. I mentioned that the
digital lock-in’s are noisy. The same goes for the computers, frequency counters, signal
generators, and fluorescent lighting (even the new compact fluorescent light bulbs). Whenever
possible, these should be kept off, or used outside of the shielded room.
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Although it is relatively straight forward conceptually, grounding and shielding can be a
bit of a black art. Ideally, all paths to ground should be in parallel, looking like the branches of a
tree and leading to a common grounding point. As much as you try, this never seems to be the
case in real life. With low temperature physics, this can create tremendous problems. Aside from
the noise associated with the measurements, the noise picked up from inadequate grounding or
shielding can severely impact your temperature readings. In some cases, attempting to ground
everything can simply lead to more ground loops. I have found that it works best if every lead,
shield, cable, instrument chassis, etc. has a ground accessible, but not necessarily utilized. I keep
a solid ground to the top of the fridge, then ground individual shields or instruments as necessary
to minimize the noise (a fast oscilloscope with a FFT option works well for this, otherwise simply
look at the statistics of the noise in the measurement). Cross talk between certain instruments can
also be an issue (this seems particularly true when running multiple Linear Research LR700
resistance bridges, or running the LR700 with the Lakeshore 340). Keeping them physically
separated seems to help, but does not completely eliminate the issue. For sensitive measurements
(especially below ~100 mK), the best thing to do is only to run what is absolutely necessary, and
turn everything else off.

40

Chapter 4
Disorder in Solid 4He Crystals
Shortly after the discovery of NCRI in solid helium by Kim and Chan [Kim 2004a, Kim
2004b, Kim 2005], it became apparent that, somehow, ‘disorder’ played a large role in
determining the magnitudes and onset temperatures associated with the NCRI signals [Rittner
2006, Clark 2007].
Disorder is a rather generic term; the various types of disorder that are most likely present
within a solid helium crystal are point defects, dislocations, and grain boundaries. In this chapter,
we will present a set of experiments looking at each of these forms of disorder and the effect they
have on NCRI.
The simplest defects to think about are the point defects, which come in the form of
vacancies, interstitials, and 3He. The 3He atom has an identical zero-point energy but a smaller
mass as compared to the 4He atom. This makes the 3He atom larger in size; therefore, the
substitution of a 3He atom distorts the lattice in its vicinity. This also causes the 3He atoms to be
attracted to regions of local disorder in the solid 4He crystal since the introduction of a larger
atom can alleviate strain and reduce the free energy in some cases (the same is true for 4He
impurities in a 3He crystal).
As described in the introduction, the earliest notions of supersolidity involved
condensation of zero-point defects (vacancies and interstitials). It has been shown by PIMC
calculations that the activation energies for these point defects are way too large (13 K and 23 K,
respectively) and exponentially activated [Boninsegni 2006a]. Therefore, their concentration at
~100 mK would be negligible, certainly not enough to explain the observed NCRI on the order of
1% or more.
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Typical helium crystals are known to contain high concentrations of dislocations from
ultrasound measurements [Wanner 1970, Tsuroka 1979, Iwasa 1979]. The dislocation density, Λ,
is known to vary from ~105 cm-2 to ~1010 cm-2 depending upon the growth conditions. Even
though their concentrations are high, dislocations are very difficult to characterize precisely.
There are quite a few assumptions that are needed to extract Λ from the ultrasound data. This
includes the fact that hcp crystals contain more than one type of dislocation (both edge and screw
dislocations with all orientations), which may interact differently with the ultrasound waves.
Although it is possible to grow large single crystals, the average blocked capillary sample
is likely polycrystalline. It has been postulated that helium crystals may contain a highly
disordered glassy phase [Boninsegni 2006b]. Evidence for this glassy phase has only been seen in
PIMC simulations of quenched crystals and in the pressure vs. temperature measurements of 4He
crystals subject to plastic deformation at low temperature [Rudavskii 2010]. No experimental
evidence of glassy behavior has been observed for freshly grown crystals or even for rapidly
quenched samples; only for samples which have been plastically deformed at low temperature.

The Effect of 3He Impurities
In this section we will discuss the effect of 3He impurities on NCRI observed in solid 4He
[Kim 2008]. As we discussed in the introduction, Helium-4 is a peculiar substance in many ways.
Another of its unique properties is that only its own isotope, 3He, can contaminate it at low
temperatures (~4K and below). The reason is simple enough: everything else freezes to the wall
at much higher temperatures. 3He impurities are larger in size and, therefore, distort the lattice
slightly in their vicinity. Because of their larger size, they are attracted to regions of disorder
(such as dislocations and grain boundaries) and will bind to them. 3He is also highly mobile in
both the liquid and the solid, as seen by NMR experiments [Grigor’ev 1973]. There is the added
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complication that 3He atoms obey Fermi-Dirac statistics whereas the 4He atoms are Bosons. We
will see that it appears as though the 3He atoms act more as classical particles in terms of the
impurity concentration dependence of NCRI. However, in the following chapter, we will show
that the quantum statistics play a definite role in terms of the pure solid phases of 3He and 4He.
At the time this experiment was started (around the end of 2005), there were already
indications that ‘disorder’ was playing a large role in the supersolid response [Rittner 2006, Clark
2007]. As we said earlier, point defects are not only the easiest defects to picture conceptually
(and in simulations), but they also are the defect that we can best control and characterize
experimentally. We noted earlier that there is a complication from the heat-flush effect. This is
because 3He has a higher solubility in the liquid phase of 4He than in the solid phase. This
solubility gap means that the concentration of 3He in the crystal is likely lower than in the gas at
room temperature since the 3He is essentially pushed out of the crystal. However, this is most
prevalent for the single crystal work (with samples grown at <100 mK), and will be discussed in
more detail later on.
Around the same time, P.W. Anderson was advancing the idea of NCRI as evidence of a
vortex fluid state that is the precursor to a true supersolid transition at lower temperatures
[Anderson 2007]. It was for this reason that we felt it was important to push the measurements to
as low a temperature as possible. The last thing we would like to point out is that this was the first
torsional oscillator cell using an open cylindrical geometry, meaning that this cell has a different
topology from the annular cells employed by the previous bulk-solid 4He experiments.
The isotopically pure 4He gas used for these measurements was provided to us by John
Beamish from the University of Alberta, and was analyzed by the US Bureau of Mines to have a
3

He concentration, x3 < 1 ppb.
Kim and Chan had previously published the effect of 3He concentration for 4He confined

within porous Vycor glass [Kim 2004a]. They observe that increasing 3He both increases the
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onset temperature and decreases the magnitude of the NCRI. Figure 4-1 and Figure 4-2 show that,
qualitatively, the bulk helium exhibits the same dependence on increasing x3. Samples with
higher concentrations of 3He exhibit a higher onset temperature, T0, and show pronounced
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Figure 4-1. NCRI for isotopically pure 4He crystals (<1 ppb 3He) with measurements extended to
below 1 mK.
Figure 4-1 highlights the data from isotopically pure 4He crystals. The transition is
decidedly sharper and the onset temperature suppressed slightly. However, the data show the
same fundamental characteristics as typical crystals grown with UHP helium (x3 ~ 0.3 ppm).
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Thanks to our collaboration with Dr. X. S. Xia from University of Florida’s High B/T Laboratory,
these measurements were extended to temperatures less than 1 mK. Below the low-temperature
saturation at ~30 mK, no additional features are observed in either the period or the dissipation
(much to the chagrin of P. W. Anderson).
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Figure 4-2. Temperature dependence of NCRI as a function of 3He concentration. T10, T50, T90,
correspond to where the NCRI has reached 10, 50, or 90 percent of the saturated low temperature
value. TP refers to the temperature of the dissipation peak.
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A compilation of NCRI data for various x3, with the low temperature values normalized
to one, are shown in Figure 4-2. Panels a, b, and c, display the normalized NCRI for low,
medium, and high x3, respectively. Panels d, e, and f show the temperature dependence for the
corresponding data sets. The labels T10, T50, T90, correspond to where the NCRI has reached 10,
50, or 90 percent of the saturated low temperature value. TP refers to the temperature of the
dissipation peak. We have chosen to use these values rather than the onset or saturation
temperatures, T0 or TS. Since the transition region can be broad, T0 and TS tend to be ill-defined.
We see in Figure 4-2 that T10 increases at a greater rate than T50, and T50 at a greater rate
than T90. Therefore, aside from simply increasing the onset temperature of the transition,
increasing x3 significantly broadens the transition. To include the dependence on crystal growth
techniques and sample quality, a more in-depth discussion of the high-temperature transition
region is left to following section.
Figure 4-3 shows what appears to be a peak in NCRIF as a function of x3. This is a
compilation showing all TO’s in which the 3He concentration was varied (this is perhaps slightly
misleading because we now know that for nominally pure helium (x3 ~0.3 ppm) there is a
variation of four orders of magnitude in NCRI). Starting from the isotopically pure samples,
increasing x3 (and thus the degree of disorder within the crystal) up to about the 1 ppm level
increases NCRI. Above this level, NCRI begins to decrease. As a matter of full disclosure, I
would like to comment about some minor technical difficulties in obtaining NCRI values for
large x3 samples. Figure 4-2 shows that as x3 increases, the transition becomes increasingly broad
and the magnitude begins to diminish. This makes it more difficult to do a reliable background
subtraction and small changes in the background have a larger effect on the low temperature
NCRI values, since the error is effectively multiplied. There does not appear to be a good way of
doing a concrete analysis of this error. Conservatively, I would say that for a typical sample from
this data set with a transition temperature of ~100 mK there may be a variation of ~5% in the
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NCRI magnitude, depending on how the background is subtracted. For the 10 ppm and 30 ppm
samples, this error could be as much as perhaps 25%.
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Figure 4-3. Maximum NCRIF as a function of 3He concentration, x3.
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Where EB is the binding energy of the 3He atom to the dislocation, x3 is the 3He impurity
concentration, LIP is the distance between impurities, µ is the shear modulus of solid 4He, and b is
the magnitude of the Berger’s vector. The parameters for Eqn. 4.1 are given in Table 4-1. It was
assumed that, Λ

N

2, which is consistent with ultrasound data [Wanner 1970, Tsuroka 1979,

Iwasa 1979].
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Figure 4-4. Comparing the temperature dependence of NCRI to the phase separation (P.S.)
temperatures (as determined by pressure (P) or ultrasound (U.S.) measurements) and dislocation
pinning temperatures. TOF and TOP refer to the two oscillators used in [Kim 2008].
The crossover to impurity-pinning effectively shortens the length of the dislocation lines
and can act to freeze out the motion of the dislocation lines. The data shown for T50 clearly
follows this crossover temperature dependence much better than the phase separation temperature
(shown as the dotted line) calculated by Edwards and Balibar [Edwards 1989]. Experimental
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measurements of phase separation in 3He-4He mixtures at relatively low concentrations are shown
as stars.
Table 4-1. Fitting parameters for Eqn. 4.1 used to obtain the solid lines in Figure 4-4.
TX [K]

EB

LIP

Λ [106 cm‐2]

T10

0.66

1.7

7

T50

0.42

1.9

6

T90

0.33

1.3

12

As discussed in Ch. 2, this crossover type of behavior and the stiffening of the 4He crystal
by the pinning of dislocation lines by 3He are consistent with the shear modulus measurements by
Day and Beamish [Day 2007]. The binding of 3He to defects was also the subject of a paper by
Manousakis [Manousakis 2007]. He predicts that during the growth process, the binding of 3He to
dislocations may promote 4He atoms to interstitial sites. This may turn the disordered crystal into
a metastable supersolid.

High Quality Crystals and Annealing
In contrast to the 3He concentration, which we can control systematically, controlling the
sample quality is more challenging. Ultrasound measurements show a five order of magnitude
change in the dislocation density, Λ, using different growth methods (Λ ranges from ~105 cm-2 to
almost 1010 cm-2 for crystals grown above ~1 K) [Wanner 1970, Tsuroka 1979, Iwasa 1979].
They also report an order of magnitude variation in Λ when using identical growth procedures in
different cells.
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Figure 4-5. Th
hermodynamicc paths (blue arrows) for thhe growth of solid 4He cryystals. (Image
hn Beamish)
coourtesy of Joh
Figuree 4-5 shows thhe pressure annd molar voluume as a funcction of tempeerature for 4He.
T red and bllue lines show
The
w two differennt thermodynaamic paths foor crystals groown at constannt
voolume (also commonly
c
refferred to as thhe blocked cappillary (BC) method).
m
The conversion of
o
liquid to solid at constant deensity producces a pressure drop of ~25 bar. For compparison, it onnly
taakes somethin
ng on the ordeer of ~10 µbaar to cause plaastic deformattion of the cryystal. Therefoore, it
iss easy to see why
w this methhod results in highly disorddered polycryystalline sampples. Higher
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quality samples can be grown by using a constant pressure/temperature (CP/CT) technique. By
keeping the fill line open and continually adding 4He to the cell during the crystal growth, it is
possible to grow the sample at a fixed point on the melting curve. This method has been shown to
reliably produce large single-crystals.
The highest quality samples are grown using this technique at very low temperatures
(below ~50 mK). It has been shown that these crystals are nearly perfect, having less than ~100
dislocation lines per cm2 [Ruutu 1998]. In contrast, blocked capillary (BC) samples were reported
to have Λ of up to 6x109 cm-2. CP/CT samples are higher quality, typically ~106 cm-2 [Wanner
1970, Tsuroka 1979, Iwasa 1979]. With this in mind, it is reasonable to ask what the effect of the
growth method is on NCRI, and to make these comparisons. With the standard torsional
oscillator, it is not possible for us to compare the quality of two crystals grown using the same
method. Experiments incorporating in-situ crystal characterization will be discussed later.
The experiments described in this section are from a paper by Clark, West, and Chan
[Clark 2008]. For the experiments in Clark et al., we constructed two nearly-identical TO’s.
Historically, helium was fed into the cell through a hole in the torsion rod. The torsion rod was
mounted to the cooling stage with the sample chamber hanging below the torsion rod. Since the
torsion rod also serves as the thermal link to the mixing chamber, the helium in this region is the
first to freeze, blocking the fill line. The schematic of our experimental cells are shown in Figure
4-6.
By inverting the cell and having the torsion rod below the sample chamber, with the fill
line coming from above, we are able to keep the fill line open during the crystal growth. We also
have the option of freezing the helium in the first heat sink attached to the mixing chamber,
growing the crystal below the block at constant volume (the volume of the fill line is negligible
compared to the volume of the cell). To facilitate the growth of single-crystals, the walls of the
cell are coated with a layer of Stycast 1266 for thermal insulation. A bare metallic surface is left
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exxposed at the bottom of thee cell (which is also the cooldest spot), with
w the intentt of nucleatingg one
seeed crystal wh
hich grows too fill the cell.

Figure 4-6. Cro
oss section off the torsionall oscillators used
u
for singlee-crystal expeeriments.

oin silver torsiional oscillatoor and cap shoowing the barre metallic suurface used to seed
Figure 4-7. Co
d the narrow capillary
c
for filling
fi
the celll.
thhe crystal and
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Torsional oscillators are very sensitive devices; however, this also makes them sensitive
to small damping effects. This was a major concern when considering whether we could install a
separate fill line. We have had success using a small diameter (0.1 mm ID, 0.3 mm OD) CuNi
capillary which is fixed ~10 cm above the cell. It is extremely important that this capillary be on
center, straight, and under slight tension. With these precautions, we have not observed any
noticeable damping effects from the capillary.
One concern was voiced about the growth of single crystals in this setup. This is, “How
do you know that there are no liquid pockets remaining after the crystal growth?” We do not
believe that there are any liquid pockets remaining for several reasons. First, we can observe a
clear end to the crystal growth where the crystal leaves the melting curve. If liquid pockets
remain in equilibrium with the crystal, the sample would remain on the melting curve. Second,
the mass loading and pressure (as measured with an in-situ resistive strain-gauge) are all
consistent with having a crystal with the proper density and pressure for the growth conditions. If,
for example, we were to grow a crystal from the bottom of the sample chamber with the c-facet
oriented at some angle with respect to the vertical axis of the cell, at some point the crystal would
block the fill line. However, the cell would then cool and the pressure would drop, continuing to
grow the crystal at constant volume. If there were sufficient density in the cell to finish the crystal
growth, it would simply result in a partially BC grown sample. If, on the other hand, the density is
not sufficient, the fill line would unblock as the pressure drops and then continue growing at
constant pressure. We see this clearly (no pun intended) in the simultaneous optical and torsional
oscillator experiment described later in this chapter.
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Figure 4-8. Temperature dependence of NCRI showing the effect of using BC vs. CP/CT crystal
growth methods. TF indicates the freezing temperature.
The effect of the two growth methods on NCRI is shown in Figure 4-8. The higher quality
crystals grown using the CP/CT method have a smaller NCRIF and lower onset temperature. The
data from these crystals are also more reproducible than the lower quality BC samples. One
surprising thing was that, even though we have nearly identical cells, there is an order of
magnitude difference in the magnitude of NCRI in the two cells (BeCu vs. AgCu oscillators from
[Clark 2008]). This is identical to the variation in dislocation density as determined by ultrasound
measurements that we mentioned earlier.
Since we know that the BC samples have more disorder than the CP/CT samples, and since we
are trying to study the highest possible quality crystals, it is natural to see if we can improve the
quality of our samples by annealing. A very common method of improving the quality of nearly
any crystalline solid is to warm up near the melting temperature. This is where the defects in the
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material are most mobile, and allow the solid to relieve stresses which are effectively frozen in at
lower temperatures. As shown by Day and Beamish, in solid helium some defects anneal at
relatively low temperatures and some require warming to within ~20 mK of the melting
temperature [Day 2007b]. However, one complication is that helium has a large thermal
expansion coefficient close to melting. Using x-ray diffraction to obtain the lattice spacing, a,
Frass and Simmons show that the change in volume upon cooling (3Δa/a) is about 0.3% [Frass
1989]. This is actually quite large. Since the crystal is in the hcp phase (and therefore
anisotropic), the act of warming and cooling itself may lead to stresses within the crystal. It has
been seen that the pressure of freshly grown crystals will drop by several bar upon annealing,
indicating the reduction of disorder. Figure 4-6 of the PhD. Thesis by R. S. Shah shows that
repeated thermal cycling from ~0.4 K to just below melting continues to decrease the pressure in
solid 4He crystals.
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Figure 4-9. Annealing effects observed for a 30 bar sample in the BeCu oscillator.
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With the possible exception of nearly perfect crystals grown at less than ~50 mK, it is
generally accepted that annealing will improve the quality of the crystal. Figure 4-9 shows the
effect of successive annealing on a blocked capillary sample within the BeCu oscillator.
Annealing systematically reduces the NCRI magnitude and onset temperature as well as the
dissipation peak magnitude and onset temperature. After several annealing cycles, the data
approaches that of CP/CT sample (which we have argued is of much higher quality). This is
highly suggestive that annealing significantly improves the quality of the crystals. However,
Figure 4-10 shows that this annealing effect is not observed for all samples in the BeCu cell. The
grey shaded region shows the range in which the CP/CT samples fall. No annealing effects have
been observed for any of these samples. Despite repeated attempts, no annealing effect was
observed for any samples in the AgCu cell. It seems that different cells, perhaps due to
differences in materials, thermal gradients, or surface roughness, produce different levels, or
different types, of disorder. For example, one cell may produce a polycrystalline sample (with
each grain being of relatively high quality) while another cell may produce a large, but highly
strained, single crystal, which would be more apt to anneal. Of course, this is highly speculative;
in-situ characterization would be needed to make any concrete statements.
The normalized NCRIF is shown in Figure 4-11. The high temperature ‘tail’ in the
transition region is considerably broader for BC samples, and for crystals with higher x3. The
temperature dependence of the BC samples is not reproducible from sample to sample. The
crystals grown from isotopically pure 4He using the CP/CT method is markedly sharper in NCRI
onset and also more reproducible from sample to sample. This broadening of the NCRI onset
region seems to be the result of a combination of 3He, increased crystalline disorder, and
increased frequency [Aoki 2007]. It appears that the collapse to an ever sharper onset is
converging to a 2/3 power-law behavior as seen in superfluid helium films. We are not claiming
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that this is true evidence of power law behavior (and thus a phase transition), but it is an
interesting coincidence to say the least. One would need to study crystals grown below ~50 mK
from isotopically pure 4He in a very low-frequency oscillator to test this further (the technical
difficulties of running low-frequency oscillators are discussed in Ch. 3).
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Figure 4-10. NCRI as a function of cumulative annealing time, showing that the annealing effect
does not occur for all samples. No change is observed for CP/CT samples (all of these data fall
within the grey area). The annealing for three other BC samples is shown.
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Figure 4-11. A compilation of normalized NCRI data showing the distribution of the temperature
dependence.

Induced Disorder
Both controlling the disorder within the crystal and measuring it are extremely difficult.
One time-tested way of inducing a controlled amount of disorder is to confine the sample within a
restricted geometry of some sort. Commonly used materials include Vycor glass, porous gold,
zeolite, exfoliated graphite, and aerogel (these are many of the same high-surface-area substances
used in experiments on two-dimensional films).
In this experiment, we performed torsional oscillator measurements of helium in aerogel.
The cell was constructed from AgCu and was nearly identical to the cell shown in Figure 4-7
except that there was no epoxy coating on the interior of the cell. The aerogel sample was taller
than the interior height of the cell by 5-10% and fit snugly within the sample space. When the cap
was installed it compressed the aerogel, securing it in place.
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We alsso performed a separate, buut complimenntary, x-ray sccattering expeeriment usingg
he same batchh. Shown in Figure
F
4-12, aerogel
a
is a hiighly porous material
m
compposed
aeerogel from th
off thin strands of silica. Thee silica only occupies
o
betw
ween ~2-10% of the volume, the rest is open
o
sppace.

Figure 4-12. Transmission
T
e
electron
microoscope imagee of 5% densee silica aerogeel. (Image
coourtesy of Heerman and colllaborators froom the Univeersity of Alberrta, Canada)
The aeerogel used inn these experiments was grrown by (the Zen
Z master off aerogel), Noorbert
M
Mulders
has 95
5% open voluume. For lenggth scales up to
t ~100 nm, the
t structure of
o the silica
sttrands composing the areoggel are shownn to be fractall. This means that there is no
n characteristic
sttructure, lengtth scale, poree size, etc. as there
t
is with many
m
other porous materiaals. This is
beeneficial for our
o experimennt since the iddea is simply to use the aerrogel as way of producing
sttatic disorder.. Dislocation densities in solid helium raange up to 6 x 109 cm-2 forr highly disorrdered
crrystals. Assum
ming a uniforrm strand diam
meter of 100 Å,
Å the densityy of strands inn the aerogel is
~1011 cm-2.
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The x-ray scattering experiments were performed at Sector 33 of the Advanced Photon
Source at Argonne National Laboratory. A cryostat custom-built by Norbert allowed us to do
crystallography at such low temperatures. The cryostat (with a base temperature of ~45 mK) uses
a dilution refrigeration stage with a CryoMech pulse tube refrigerator as primary cooling stage
(replacing the 1 K pot used in typical ‘wet’ dilution refrigerators).The cryostat is completely
closed cycle and cryogen free (eliminating the need to transfer liquid helium or nitrogen). The
unit is also extremely small and versatile; it was designed to mount to the x-ray spectrometer
while cold, and can run while tilted at ~15 degrees from vertical. This permits growing a crystal
at low temperature, then move the entire cryostat to orient it. An image of the cryostat is shown in
Figure 4-13. All of the pulse tube compressor lines, dilution pumping and return lines, as well as
the electronic cables must be allowed to move as the cryostat rotates. The x-rays enter and exit
the cryostat through kapton windows (reddish color windows at the bottom center of the image).
Several other heat shields have thin aluminized mylar sheets to block the blackbody radiation, but
allow the x-rays to pass through. We employed an extremely specialized counterweight
mechanism to relieve torque on the spectrometer. High-tech viscoelastic polymer lines have been
attached to the top of the cryostat. These high-tech viscoelastic polymer lines attach to a highly
sensitive lifting device that applies a force which is anti-parallel to the force of gravity. Norbert
had to take (and pass) an intensive training course just to use the lifting device and we were all
very proud of him for doing so.
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Cryostat
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CD camera
S
Sample
spacee

X-ray tubee
Figure 4-13. Im
mage of the pulse-tube bassed cryostat mounted
m
to thee x-ray spectrrometer. A vaacuum
tuube to reduce air scatteringg of the x-rayss is seen protrruding into thhe picture from
m the bottom right.
An x-rray diffractionn image obtaiined with a Prrinceton Instrruments CCD camera is shhown
inn Figure 4-14. What we seee is predominnantly Comptoon scattering (i.e. scatterinng from electrrons).
B
Being
a low Z material, heliium does not scatter stronggly, giving uss rather small signals to woork
w
with.
The raw data shows mainly
m
scatteriing from the beryllium
b
winndows (also a powder pattern
siince they are made
m
from siintered berylliium metal). To
T obtain the image shownn in Figure 4-114,
thhe liquid imag
ge is subtracteed as a background. This is why the darrk region corrresponding to the
neegative of thee liquid ring iss seen. Severaal rings are cllearly observeed and indexeed. The positiion
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and distance between the rings correspond to an hcp crystal with the correct lattice spacing for the
density of solid.

Figure 4-14. X-ray diffraction data with the liquid image subtracted as a background. Powder
diffraction rings are clearly seen and the indices are shown.
Aside from the images taken with the CCD camera, a few line scans were taken using the
high precision point detector. The crystallite size is determined from equation 4.2 using the full
width at half maximum of the diffraction ring, WFWHM, as shown in Figure 4-15.

cos

4.2.

S is a shape factor of order one, λ is the wavelength of the incident x-ray, and θ the diffraction
angle. The average grain size is on the order of 1000 Å. Other x-ray scattering experiments
(including those done by Burns, Lurio, and Mulders [Burns 2008]) have shown that, even without
taking special precautions or growing the sample slowly, helium tends to form large crystals.
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None of the samples have shown such small crystallite size; even the crystals grown rapidly the
BC method tend to have crystallites with an average size on the order of that of the cell (typically
a few mm). This is not to say that they are perfect single crystals. On the contrary, they seem to
be highly disordered with several low-angle grain boundaries. However, this is the first time that
anything like a powder pattern has been seen.

Figure 4-15. A line scan in 2θ shows the width of the diffraction ring, from which the
characteristic crystallite size can be obtained.
We may expect from the previous section (where increased disorder was seen to increase
the NCRI) that these samples grown in aerogel would produce an enormous NCRI. Figure 4-16
shows quite the opposite. In fact, the NCRI data from this experiment is nearly identical to the
highest quality crystals grown from CP/CT. For comparison, the solid triangles show the data
from BC samples. To be honest, this result was quite puzzling. We believe that the only
reasonable explanation is that, with a highly polycrystalline sample such as this one, the
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individual grains may actually be of extremely high quality. For example, if the phenomenon was
driven entirely by dislocations, it is unlikely that there are any dislocations within a single grain
since the crystallite size is an order of magnitude (or more) smaller than the distance between
nodes in a dislocation network in average bulk helium crystals.

Figure 4-16. NCRIF for solid 4He in aerogel. The data points shown as triangles are for the AgCu
cell with BC (solid triangles) and CP/CT (open triangles) samples from [Clark 2007].
The grain boundary area of the samples within the aerogel is enormous. If we assume that
the width of the grain boundary is on the order of 3 Å, then approximately 1% of the solid resides
on a grain boundary. A similar fraction of the solid helium is in contact with the silica strands
composing the aerogel. The difference in grain boundary area between this system and the single
crystals grown by the CP/CT method is about ten orders of magnitude! We consider this to be
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concrete evidence that whatever form of disorder is responsible for facilitating or enhancing the
NCRI, it is not grain boundaries.

Figure 4-17. Normalized NCRI for solid 4He contained within aerogel showing the temperature
dependence as compared to the BC and CP/CT samples from [Clark 2007]. The same data
without normalization is shown in the Figure above.
Figure 4-17 compares NCRI data for 4He in aerogel with the data from [Clark 2007].
Again, we see that the data matches most closely with the high quality CP/CT samples (for the
same 3He concentration, 300 ppb). All of the other features of the NCRI data for this experiment
are quite generic. Figure 4-18 shows the dissipation data for a 39 bar sample as a function of
drive. The dissipation peak is most pronounced at low amplitude, decreasing in height and
shifting to slightly lower temperatures as the drive increases. The critical velocity is between 101
and 102 µm/s as shown in Figure 4-19. Below the critical velocity, NCRI is constant to within a
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few percent (this is mainly due to the reproducibility from run-to-run). Above the critical
velocity, NCRI decreases approximately exponentially.
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Figure 4-18. Dissipation for helium in aerogel showing that as the drive is increased the peak
magnitude both decreases and shifts to lower temperatures.
The pressure dependence for solid 4He in aerogel is shown in Figure 4-20. Consistent
with the data from [Kim 2006], there appears to be a peak in NCRI around 40-45 bar (Kim’s
maximum was slightly higher, ~55 bar). We attempted to get data for higher pressures but
unfortunately the epoxy holding the cap to the oscillator body failed and the cell exploded. The
aerogel sample within the cell was essentially vaporized, no remains or fragment of it were found
when we opened the vacuum can.
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Figure 4-19. The velocity dependence of NCRI for solid helium in aerogel shows a critical
velocity between 101 and 102 µm/sec.
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Figure 4-20. The pressure dependence of NCRI for helium in aerogel shows a possible peak (in
agreement with [Kim 2006]).
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Figure 4-21. Warming and cooling scans for relatively low drive levels. At 100 µm/s see the
beginning of hysteretic behavior.
Around the same time that this experiment was underway, TO experiments by Clark
found evidence of hysteretic effects [Clark 2008]. Figure 4-21 and Figure 4-22 show warming
and cooling scans confirming this hysteresis effect. Figure 4-21 shows two low drive warming
and cooling scans. Within the uncertainty, no hysteresis is seen at 50 µm/s. However, we are just
starting to see the onset of hysteretic behavior at ~100 µm/s. This is now at, or above, the critical
velocity. Even at 100 µm/s, the NCRI still goes back to the same value at low temperature,
indicating that the hysteresis seen here may simply be a matter of incomplete equilibration.
Figure 4-22 shows three high drive scans which exhibit significant hysteresis.
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Figure 4-22. High-drive warming and cooling scans displaying significant hysteresis.
We have performed two separate x-ray experiments on bulk solid 4He since the aerogel
experiment. As we mentioned earlier, the low scattering intensity of 4He makes for rather small
signals. The magnitude of the background from the beryllium windows makes it almost
impossible to see anything diffuse. In the subsequent experiments, we used first sapphire, then
single-crystal diamond windows. In the first experiment, rather than the powder patterns we see
with the beryllium windows, the background consisted of many bright Bragg peaks. We
performed several quenching experiments, sending a large pulse of heat to raise the cell
temperature above 3 K, then cooling to less than 1 K in only a few seconds. Even then, we still
saw distinct Bragg peaks in the helium which indicate that it is not as highly disordered as the
helium in aerogel. We also observed a diffuse signal that we believe may be the result of quantum
diffuse scattering. Unfortunately, the thin (~0.5 mm) sapphire windows had a tendency to crack.
In an attempt to confirm our earlier results of possible quantum diffuse scattering, we needed to
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grrow a crystal,, and then orient it, and scaan along one of the symmeetry axis in k--space. This week
w
tuurned into a hellish
h
exercisse in futility. We
W spent manny days tryingg to orient a crystal,
c
once we
w
fiinally aligned
d with a Braggg peak, it rotaated and disapppeared (perhaaps merging with
w a larger
crrystal). Finallly, the diamonnd window (w
which is brazeed into a coppper ring) leakeed and we had to
w
warm
up. C’esst la vie.
In the beginning, we
w also attemppted to perform
m a simultaneeous x-ray scaattering and
toorsional oscilllator experim
ment. The bodyy of the oscilllator was a soolid beryllium
m tube (8 mm ID,
100 mm OD, 12
2 mm height).. The oscillatoor and a speciial experimenntal stage to mount
m
to the x-ray
x
crryostat are shown in Figure 4-23. In thee end, we deciided that the one
o week beaam time was
siimply not eno
ough to compllete the measuurement. Forttunately, we were
w able to recycle
r
the TO
O
sttage for the op
ptical experim
ments discussed later in thiis chapter.

Figure 4-23. Simultaneous x-ray
x
and torssional oscillattor cell.
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Coonfined Geom
metry
In 200
07, and again in 2008, Rittnner and Reppyy performed a set of experriments using a TO
w a thin ann
with
nular geometrry showing NCRI up to ~20%. They alsso published evidence
e
that there
iss a peak in NC
CRI with resppect to the surrface-to-volum
me ratio (S/V) of the experrimental cell. For
annnular geomeetries, the S/V
V is approximately inverselly proportionaal to the widthh of the annuulus.
Iff this were tru
ue, it would mean
m
that there exists somee special S/V (or alternatively, some
chharacteristic length
l
scale), that produces extremely laarge NCRI.
To testt the hypothesis of this speecial length sccale, we perfoormed an experiment wherre the
heelium was confined withinn thin gaps creeated by a sett of stacked discs, as shownn in Figure 4--24.

Figure 4-24. Im
mages of the confined
c
geom
metry cell. Thhe picture on the left show
ws the two thinn
B
BeCu
discs (bo
ottom left) whhich were staccked and secuured firmly with
w the mandrrel (bottom ceenter)
too the torsion rod.
r
The imagge on the righht shows the assembled
a
stacck. Helium fills the gaps
beetween the diiscs.
A typiical data set frrom this conffined geometrry cell is show
wn in Figure 4-24.
4
Rather than
t
thhe large NCR
RI we may havve expected frrom Rittner annd Reppy’s S/V
S hypothesiis, we get
soomewhat norm
mal values. The
T maximum
m NCRI is ~1%
%. This is largger than somee samples butt not
abbnormal. All other charactteristics from this data set are,
a well, unreemarkable. We
W observe the
chharacteristic dissipation
d
peeak and a critiical velocity of
o ~10 µm/s.

71
-6

Dissipation Q

-1

9x10

-6

8x10

-6

7x10

-6

6x10
1.0

5 μm/s
10 μm/s
20 μm/s
100 μm/s

NCRI [%]

0.8
0.6
0.4
0.2
0.0
0.0

0.1

0.2

0.3

0.4

Temperature [K]
Figure 4-25. NCRI and dissipation for solid 4He confined within the slab geometry.

A complimentary heat capacity experiment was performed by my hero, Xi Lin. The cell
body was solid sapphire and the confinement geometry was built from a stack of sapphire discs in
a similar manner to what is shown in Figure 4-24. Heat capacity data is shown in Figure 4-26,
data for bulk samples with similar growth conditions are shown for comparison. In the open cell,
the heat capacity peak is much larger and more sensitive to the growth conditions. For the stacked
disc cell, the heat capacity peak is similar to what is observed for high quality crystals grown
under CP/CT conditions. The reason for this is unclear, since it would seem that confining the
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sample would increase the amount of disorder within the sample. However, we now believe it is
likely that the high-thermal conductivity sapphire discs aid in equilibrating the temperature during
growth, therefore producing higher quality crystals.
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Figure 4-26. Heat capacity peak after subtracting the T3-phonon term and background, comparing
solid 4He in a confined geometry with bulk crystals.
Aside from the confinement, one thing which is unique to all of the samples showing
NCRI of over ~1% is that they all have a small volume in comparison to some of the other bulk
cells. This means that they can be frozen more rapidly, effectively quenching the sample. It is
easy to imagine that while a crystal is growing, even at constant volume, that it is able to anneal
some of the defects created by the large pressure gradients because all of the defects are highly
mobile while the crystal remains on the melting curve. On the other hand, a rapidly frozen sample
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should contain many more defects. To quantify this, let us consider that the time it takes to grow a
sample is essentially just the time required to drain the latent heat through the torsion rod (of
course, the latent heat will change slightly depending on the pressure, and the thermal gradient
across the torsion rod will depend upon the cooling power of the fridge). As a zero’th order
approximation, the time that it takes to freeze a sample is proportional to the volume of helium in
the cell, and inversely proportional to the thermal conductance of the torsion rod (thermal
conductivity, k, multiplied by a geometric factor which is the cross-section of the torsion rod, A,
divided by the length of the torsion rod, l). The quenching factor (QF) for all of the TO data is
tabulated in [West 2009a].
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Figure 4-27. NCRI increasing as a function of the quenching factor.
Figure 4-27 shows the NCRI as a function of QF. This confined geometry cell is shown
as the red star. Most of the data shows a convincing trend of increasing NCRI with QF. There are
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three points (circled) that do not follow this trend. The two on the right of the figure are the only
two data points from cells with a AgCu torsion rods (AgCu has a thermal conductivity ~20 times
greater than BeCu at 4 K). The point on the left is from Rittner and Reppy’s square geometry cell
with high conductivity trillium copper inserts.
It is possible that, along with the large quenching factor resulting from the high thermal
conductivity AgCu torsion rod, the high thermal conductivity of the AgCu cell body significantly
reduces the thermal gradients within the cell and produces higher quality crystals. If this is the
case, the same should be true of Rittner and Reppy’s square cell with the tellurium copper inserts.
However, recall that the NCRI value reported of 0.8% was for a crystal which had undergone the
bcc-to-hcp solid-solid phase transition, which is known to produce a considerable amount of
disorder. This is also the same sample where the NCRI was reduced below their resolution after
annealing. Two crystals grown in this cell above 30 bar showed no measurable NCRI. This is
more consistent with the picture presented here.

NCRI with Simultaneous Optical Measurements
We have seen from the previous experiments described in this chapter that disorder
certainly plays a key role in determining the NCRI in TO experiments. In some cases, we have
also seen the difficulty in drawing firm conclusions because if the inability to characterize the
exact level of disorder within the samples. In this section, we will layout the design and
construction, as well as some preliminary data, from a simultaneous torsional oscillator and
optical measurement experiment that is currently in progress. The experiment is being performed
in collaboration with Sébastien Balibar’s group at the Ecole Normale Supériure in Paris, France.
Sébastien has the unique capability, and decades of experience, using optical techniques to
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the glass instead of peeling away from the wall. It squeezed alright, enough to actually crush the
borosilicate tubes. After this discovery, we switched to Invar end caps. Invar is an iron alloy
containing 36% nickel and its thermal expansion characteristics match closely to those of glass.
We also changed the design of the top of the cell to be the shape of a wine bottle. The idea is that
this would prevent any liquid pockets from being trapped when growing single crystals. With this
design, we were able to successfully make a borosilicate cell which satisfied two of the three
properties stated above (it had high optical transmittance and held 100 bar at 20 mK).
Unfortunately, the glass itself contains two-level systems with a characteristic temperature of
~100 mK. This produced a large anomaly in the empty cell background period and amplitude data
as shown in Figure 4-29. In hindsight, this effect had already been observed by Berkert et al. for a
silica oscillator [Birkert 2000]. The size of the feature, and the fact that it is non-linear, mean that
any attempts at doing background subtractions would be futile.
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Figure 4-29. Period (data points) and dissipation (line) for the optical torsional oscillator using
borosilicate.
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Figure 4-30. Figure 1 from Birkert et al. shows the same dissipation phenomenon that we observe
for the borosilicate cell [Birkert 2000].
A pictorial summary of the carnage is shown in Figure 4-31. The fused quartz breaks into
large shards, whereas the borosilicate crumbles into smaller fragments.
After the disappointing discovery that the glass would simply not work, we ordered a cell
of nearly the exact same design to be made from solid sapphire (Al2O3) from a company named
Insaco. The cell has the same wine bottle shape at the top to prevent and liquid pockets from
being trapped. We also inserted a thin copper disc in the bottom of the cell (silver soldered to the
Invar base), so that the only two materials that the helium comes into contact with are sapphire
and copper. The sapphire cell is shown in Figure 4-32.

78

C
that faileed the test.
Figure 4-31. Cells

w cap and base
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Figure 4-32. Sapphire cell with
The en
ntire oscillator with electroodes and mounting structurre is shown inn Figure 4-33.
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Figure 4-33. Cut-away drawing of the sapphire “mini-bottle” (to be pronounced with a French
accent) and mounting structure for the optical experiments. (Image courtesy of Ariel Haziot)
The outermost shell mounts to Balibar’s optical fridge and actually extends ~10 cm into
the mixing chamber (which is annular in shape). The vibration isolator hangs from the isolation
rod, the base that the oscillator and the electrodes mount to are secured to the vibration isolator
with four copper rods (only three are shown in the drawing). One crucial thing we discovered
during the initial tests at Penn State was that the vibration isolation from just the upper stage was
insufficient. The isolation stability was improved by the addition of a large copper mass to the
base, as shown in Figure 4-34. The base and electrode structure were initially constructed several
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And now for something completely different
During a visit by John Reppy to Penn State, we started discussing the idea of a long-path
length cell. The question was whether NCRI would still be present in a system where the path
length (on the order of a few cm in all previous TO experiments) was ~1 m. The cell we
constructed is shown in Figure 4-35.

Figure 4-35. Image of the long path length cell.
Helium enters the cell though the fill line at the top, goes through an L-shaped copper
block at the center, to a T-shaped junction at the rim of the cell (top right in the image). The flow
path of the helium is continuous. From the T, the capillary is wound down the side of the body
(which we refer to as the ‘bobbin’), a second layer winds back to the top, where it connects back
to the T. The flow path is 1 m, the capillary has an internal/external diameter of 0.5 mm/0.4 mm
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and the diameter of the bobbin is 12.5 mm. A thin coat of Stycast 2850 secures the coiled
capillary to the bobbin. This is also the first time that we chose to use a two-piece oscillator. The
bobbin is mounted to the torsion rod by four 0-80 screws, meaning that we can reuse the torsion
rod for several different experiments (I really wish we had thought of that sooner).
Data for solid 4He in this cell is shown in Figure 4-36. Within our resolution, no NCRI or
dissipation peak is observed. Given the mass loading of 2600 ns, this equates to an NCRI of less
than ~0.02%.
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Figure 4-36. Period and dissipation of solid 4He in the long path length cell. The solid black line
shows the empty cell background.
We started wondering if it was possible that the flow path was blocked. Great care was taken in
assembling the cell. However, it is never possible to check the very last joint which is soldered to
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see if it is blocked (with either solder or flux). Clearly, at least one side was open or else no
helium would enter the cell and there would be no mass loading. We decided to check our results
with liquid 4He. The result using the standard UHP 4He (0.3 ppm 3He) is shown in Figure 4-37.
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Figure 4-37. Period and dissipation data for liquid 4He at a pressure of ~1 bar.
As we cool below Tλ (2.176 K), a sharp decrease is seen in the dissipation, as one may
expect. However, the temperature dependence of the period is both smooth and increasing. We
found this to be quite puzzling since our naïve assumption was that above the superfluid
transition, only the viscous penetration layer should be locked to the capillary wall; below the
transition, the superfluid should completely decouple and the normal fluid density should
decrease rapidly. The viscous penetration depth, δ is given by
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δ

2η
4.3.

Where η is the viscosity, ρ is the density, and ω the oscillation frequency, giving a viscous
penetration depth of ~1 µm. Indeed, above Tλ the mass loading of the liquid (~65 ns) is consistent
with the coupling of only the fluid within the viscous penetration layer.
The experiment was designed to study the solid, not liquid. This means that all of the heat sinks
were optimized for the growth of crystals at ~2.5 K, not for trying to minimize the superfluid heat
leak. (This is discussed in more detail in the experimental methods chapter). To obtain these
results, all of the heat sinks were kept above ~2.2 K. When we allowed the heat sinks to cool
below the lambda transition we observed wild temperature fluctuations. This also resulted in
rapidly changing heat loads to the dilution refrigerator, making temperature control virtually
impossible. However, keeping the heat sinks above Tλ, the superfluid heat leak limited our
cooling capacity to only ~100 mK below Tλ. To cut down on the heat leak, we diluted the liquid
4

He with 1.37% (molar) 3He, reducing its thermal conductivity by almost two orders of

magnitude [Wilks 1967]. The result, shown in Figure 4-38, is not much different from the pure
4

He case. Again, we see a sharp decrease of the dissipation below Tλ and a smooth increase in the

period. With the decrease in thermal conductivity of the liquid, we are able to cool to ~1.6 K. The
period shows a strange maximum around 1.9 K, but there is no indication that the period is going
to drop sharply. At 1.6 K the normal fluid density (ρn) is only ~30%. It is unclear why there is no
drop in the period. Eventually, we warmed up and cut the cell open to see if there was a block
somewhere. In hindsight, this was kind of silly. If there was a block the entire mass of the liquid
should be entrained in the motion, not just the layer within the viscous penetration depth.

85

472

-5

1.4x10

-5

1.2x10

-5

1.0x10

-5

8.0x10

-6

6.0x10

-6

-1

468

Q

Period [ns]

470

1.6x10

466

464

1.6

1.8

2.0

2.2

2.4

2.6

2.8

TCell [K]
Figure 4-38. Period and dissipation data of a 3He-4He mixture containing 1.37% (molar) 3He at a
pressure of ~1 bar.
Is it possible that some other effect could account for this strange behavior in the period?
For example, the viscosity and the density are also changing. The viscosity of liquid helium
above Tλ (for a pressure of ~1 bar) decreases as the temperature drops. Below Tλ, the viscosity of
the superfluid component is zero. The viscosity of the normal fluid, ηn, decreases sharply just
below Tλ, then is approximately constant from 1.6-2 K, and increases sharply as the temperature
is decreased further. The density of liquid helium increases by ~20% as the temperature is
decreased from 4 K to Tλ. There is a cusp at Tλ, then the density drops, but only by a few percent
below Tλ [Wilks 1967]. Neither of these effects is anywhere near as dramatic as the drop in the
normal fluid density below Tλ, our picture of this experiment is still unclear. Currently, Tyler
Engstrom is continuing the experiment with a similar cell where the capillary is filled with
aerogel.
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Chapter 5
The Role of Quantum Statistics in Solid 4He

Introduction
As we saw in the previous chapter as well as the introduction, disorder is inexorably
linked to NCRI observed in the torsional oscillator experiments. Some of the big questions are:
Will NCRI will be present in a perfect crystal? Could the observed NCRI be simply the result of
shear stiffening as seen by Day and Beamish? If the NCRI is purely the result of either defects or
shear modulus changes, what is the role of quantum statistics? In short; does NCRI indicate the
existence of a true supersolid phase?
First, we will review a few of the results indicating that NCRI is not simply an
experimental artifact of some kind. There have been a variety of control experiments to rule out a
few simple things that could produce the period drop that has been interpreted as NCRI. The
simplest explanation is that, since the period goes like

, a decrease in the moment of inertia,

I, is equivalent to an increase in the stiffness of the torsion rod, k. Kim and Chan have used a
dummy cell that uses a brass disc to replace the torsion bob, but retains the helium in the torsion
rod. No change from the empty cell background was observed, indicating that the data cannot be
explained by a stiffening of the helium within the torsion rod [Kim 2004a].
A second crucial test was the blocked annulus experiment. One of the fundamental
properties of a superfluid is that it is irrotational (∆

0). This has the consequence that
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blocking the flow path should almost completely suppress the flow. This is what was observed by
Kim and Chan [Kim 2004b], and later confirmed by Rittner and Reppy [Rittner 2008].
The next logical test is to see if NCRI is related to superfluidity in the solid is to see if it
is present in solid 3He. As explained in the introduction, 3He is a fermion and we would not
expect it to exhibit superfluid-like behavior. Again, Kim and Chan performed this crucial test and
do not observe any NCRI for solid 3He [Kim 2004a, Kim 2004b]. As we will see later in this
chapter, there were two things that this control experiment did not address. First, Kim and Chan
only grew 3He in the low pressure bcc phase, not the higher pressure hcp phase (the cell was
simply not built to withstand the ~200 bar required to grow blocked capillary hcp 3He samples).
Second, although they used high purity 3He, the impurity concentration (in this case, 4He) was
about 50 ppm. 4He is much harder to remove from 3He than vice versa. We now know that the
same level of impurities in solid 4He is sufficient to suppress NCRI [Kim 2008].
In 2007, Day and Beamish data showing that the shear modulus of solid 4He increases at
low temperatures by up to ~20% [Day 2007]. This shear modulus increase follows a nearly
identical dependence on temperature, frequency, drive amplitude, and impurity concentration as
the NCRI data.
In collaboration with John Beamish’s group, we performed torsional oscillator
experiments and shear modulus measurements on hcp 4He, as well as in both the hcp and bcc
phases of 3He in an attempt to distinguish the mechanical properties of solid helium from any
possible superfluid-like properties.

Experimental Methods
The measurements described in this chapter involve both shear modulus and TO
experiments, as well as experiments on both 3He and 4He.
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The same 3He gas was used for both experiments (I could write an additional chapter
about getting a bottle of ultra-pure 3He through customs). Unlike the standard high-purity 3He
(~50 ppm 4He) used in the Kim and Chan experiment, this 3He (provided by John Beamish) was
ultra-pure. The gas was originally purchased from Monsanto Stable Isotopes and has been
analyzed by the United States Bureau of Mines to have a 4He concentration of 1.35 ppm. A
completely new gas handling system, dipstick, heated fill line, high-surface-area sintered heat
sinks, and capillary were installed for the 3He portion of this experiment. For both the shear
modulus and TO experiments on 4He, standard UHP 4He (~0.3 ppm 3He) was used.
The shear measurements were performed using two piezoelectric transducers which face
each other, separated by a small (500 µm) gap. An ac-voltage creates a displacement of one
transducer tangential to its face, creating a shear stress within the solid helium between the
transducers. The shear stress induces a strain, which is transmitted through the solid helium,
inducing a voltage on the opposite transducer. Further experimental details on the shear modulus
measurements are given in the supplementary information of the Nature paper by Day and
Beamish [Day 2007].
In light of the Day and Beamish experiments showing ~20% increase in the shear
modulus of 4He at low temperatures [Day 2007], many were questioning whether the observed
NCRI could be entirely a mechanical effect. Finite element modeling (FEM) of several torsional
oscillators was performed by Clark, showing that the effect of the shear modulus increase is
simply too small to account for the NCRI [Clark 2008]. Similar conclusions were drawn from the
viscoelastic calculations by Yoo and Dorsey [Yoo 2009]. Still, questions remained. One of the
problems with the finite element calculations done by Clark was that the oscillators have a
complicated geometry, making them difficult to model accurately. This was specifically true for
the thin epoxy layers holding everything together.
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One of our aims from the start was to construct a cell that was composed entirely from
one piece of material. This not only makes the finite element calculations easier, but it gives us
much more confidence in the accuracy of the results. To accomplish this, we constructed a BeCu
oscillator with an annular geometry. The outer ring of the annulus is welded (top and bottom) to
the main body of the cell. The BeCu oxidizes easily so during welding we continuously purged
the annulus with argon. Figure 5-1 shows a test cell that has been cut open to show the interior of
the annulus and to ensure that the weld penetrates deep enough into the material. BeCu is a
difficult material to weld (and we are grateful to Carson Baird for doing it for us). You can see
that the weld is slightly porous from the small pits on the top of the cell in Figure 5-1 (we will see
the importance of this later on). The dimensions of the cell were made to match closely the
dimensions of the annular cell from [Kim 2004b]. The outer diameter of the annulus is 10 mm.
The height of the annular region is 6.35 mm (increased from 5 mm in the Kim and Chan
experiment). After cutting open the cell from the Kim and Chan paper, it was determined that the
inside diameter of the annulus was 8.25 mm, instead of 8.75 mm, as reported in the paper [Kim
2004b]. When we build a new torsional oscillator, we usually make two at the same time (in case
something happens to one of them). In this case, we made one with an inside diameter of the
annulus of 8.25 mm (to match Kim and Chan’s experiment), and another with an inside diameter
of 7.62 mm (to maximize the mass loading from solid helium). The ‘test cell’ shown in Figure
5-1 is actually the 8.25 mm cell ( the torsion rod broke during the final machining process). The
other cell, with 7.62 mm internal diameter, was used in the experiments.
We preformed a finite element analysis of this rigid cell using the commercially available
program COMSOL. We found that an increase in the shear modulus of the helium by ~10%
would reduce the period of the oscillator by less than 0.01 ns. This is well below our experimental
resolution. In fact, it is almost below the resolution of our FEM calculations as well. The FEM
calculations performed using COMSOL computes the resonant modes of the system to nine
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significant digits. We found that changes in the shear modulus only affected the last digit in the
simulations, regardless of the number of elements used in the simulation. The more elements used
in the simulation, the greater the absolute accuracy in computing the frequency, f. However, the
change In frequency, δf, appeared to be independent of the number of elements used. Because of
this, we always round up on the frequency changes. Therefore, the numbers we quote for the
calculated frequency shift from the FEM calculations are actually an overestimation.

Figure 5-1. Test cell for the rigid oscillator cut open to show the one-piece construction and the
annular region.

Torsional Oscillator Measurements of 4He with the Welded Cell
NCRI from a typical blocked capillary sample of 4He is shown in Figure 5-2. The
maximum NCRI of less than 0.02% is the lowest base NCRI value we have observed in any TO
experiment. However, a value of ~10-4 is on the same order as some of the previous experiments
and the signal is still well above the noise. The blue horizontal line in Figure 5-2 indicates the
maximum frequency change that could be attributed to the stiffening of solid 4He, as determined
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by the FEM calculations. This is ~60 times smaller than the observed period change. Therefore,
we conclude that NCRI is not the result of the increasing shear modulus.

Figure 5-2. Torsional oscillator data for a blocked capillary sample in the rigid cell.
The extreme variation in the magnitude of NCRI, by three orders of magnitude, in all of
the TO experiments is certainly quite puzzling. To make a connection between various
experiments with orders of magnitude difference in NCRI, we have compared our data from the
rigid cell with data from the original Kim and Chan annular torsional oscillator experiment. This
is shown in Figure 5-3 [Kim 2004b].
Despite a difference of two orders of magnitude in NCRI, the temperature dependence of
the data is identical. Both exhibit a dissipation peak at the same temperature, although the peak
from Kim’s data is slightly sharper. It is clear that these two are related, the only question is:
How?
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Figure 5-3. Comparison of the torsional oscillator data from the rigid cell with the data from [Kim
2004b].
When we installed the second capillary for the 3He experiment we also installed a heater
on the 4He fill line. Previously, the 4He fill line was firmly heat sunk to the 4 K bath, then to the 1
K pot. The result was that we were not able to increase the pressure beyond ~120 bar without
freezing the liquid in the fill line at 4 K. This meant that the highest pressure at which we could
grow a blocked capillary 4He sample was 80-90 bar. Furthermore, previous oscillators were
simply not designed to handle such high pressures. We have measured NCRI in solid 4He samples
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up to ~135 bar to test the pressure dependence reported in [Kim 2006]. Kim and Chan find a peak
in NCRI at ~55 bar with the NCRI extrapolating to zero at ~170 bar.
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Figure 5-4. The pressure dependence of NCRI in 4He for the rigid cell.
Unfortunately, we were not able to grow samples all the way to 170 bar. Even after
removing the heat sink at 4 K and using the heated fill line, it appears that there was still a touch
to the 4 K stage, eventually the fill line would block. We see in Figure 5-4 that the NCRI appears
to increase sharply from the melting curve up to ~60 bar in agreement with Kim and Chan.
However, two samples grown at ~135 bar show significant scatter in the data. Therefore, we
cannot conclude that NCRI is either decreasing, or will go away at some higher pressure.

Comparison of Shear Modulus Measurements of Solid 3He and Solid 4He
A summary of the shear modulus measurements is shown in Figure 5-5. For hcp solid
4

He, an increase of ~10% is seen in the shear modulus at low temperature. As with the TO

experiments, the transition region is broadened with the addition of 3He impurities, and varies in
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magnitude from sample-to-sample. Surprisingly, hcp 3He shows the same effect. The onset of the
shear stiffening is rather broad and starts at ~0.5 K. It seems reasonable to assume that 4He
impurities in the solid 3He are also serving to broaden the transition. As with solid 4He, there is
also a variation from sample-to-sample in the magnitude of the shear modulus anomaly. In bcc
3

He, no increase in the shear modulus is observed at low temperature.

Figure 5-5. Shear modulus measurements of hcp 4He and both hcp and bcc 3He. An increase in
the shear modulus of the hcp phases of both 3He and 4He are seen at low temperature. No
significant changes are seen in bcc 3He.
The amplitude dependence of the shear modulus is shown in Figure 5-6. Again, we see a
similarity between data for the hcp phases of 3He and 4He. The color coding for the strain
amplitudes are the same for all three sets of data, ranging from 2x10-9 (black) to 1.7x10-6 (cyan).
The critical strain at which the amplitude of the shear modulus anomaly begins to decrease is
~4x10-8. The annealing effect for hcp 3He is similar to what Day and Beamish had reported for
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4

He [Day 2007]. That is, the magnitude of the shear modulus anomaly decreased, but it was the

high temperature value that increased, with the low temperature value remaining essentially
constant. This is expected if annealing reduces the dislocation density. This is the effect that lead
Day and Beamish to interpret the shear modulus not as a stiffening of the crystal as the
temperature is lowered, but as a softening from the intrinsic low-temperature value as the
temperature is increased.

Figure 5-6. Amplitude dependence of the shear modulus shows a critical stress for the hcp phases
of 3He and 4He. Again, nothing of significance is observed in bcc 3He.
The measurements showing a similarity between the two hcp crystals reinforces the
dislocation interpretation of shear modulus changes. This is because the dislocation dynamics,
and mobility, depend strongly on the crystal structure, but not directly on the quantum statistics. It
also shows the importance of repeating the torsional oscillator experiments in the hcp phase of
3

He. If the NCRI effect is entirely due to mechanical effects, then the same magnitude NCRI
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should be observed in hcp 3He and 4He. However, if NCRI is not observed in hcp 3He, it would
imply that the decoupling only occurs in a Bose solid, providing support for a supersolid
interpretation of NCRI.

Torsional Oscillator Measurements and Quantum Statistics
As we saw earlier in this chapter, NCRI observed in the rigid oscillator is smaller than
previous measurements (less than ~0.02%), but we still clearly observe a period drop and
dissipation peak. The signal is also far too large to be accounted for by the shear modulus changes
shown in Figure 5-5. NCRI measurements of hcp 3He, bcc 3He, and hcp 4He are shown in Figure
5-7.
Above ~100 mK, whereas there is a strong temperature dependence to the shear modulus
of hcp 3He beginning at ~400 mK, there is no deviation from the background in either the period
or the dissipation. There is also no difference between hcp and bcc 3He.
Unfortunately, the 3He background (shown as solid lines) shows stronger temperature
dependence. The shift in the background occurred when making preparations to switch from 4He,
to the ultra-pure 3He gas. Due to the porosity of the weld seen in Figure 5-1, when the cell was
pressurized to ~200 bar a leak developed through one of these pores. The leak was sealed with
Stycast 2850.
A change in the temperature dependence of the empty-cell background is seen below
~100 mK. Changes of this sort are not uncommon. At kilohertz frequencies, the elastic modulus
and the dissipation of amorphous materials (such as epoxy) decrease. Since this temperature
dependence was not present in the empty-cell background for the 4He measurements, we are
confident that this change is the result of the epoxy added to repair the leak. Although, it is also
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possible that changing the fill line or simply the thermal cycling of the torsion rod may have
contributed to the background change.

Figure 5-7. Raw period and dissipation data from the rigid torsional oscillator. No decoupling or
dissipation peaks are observed for either hcp or bcc 3He.
Below ~100 mK, there is a deviation from the background for both hcp and bcc 3He. This
deviation is in the wrong direction to indicate an NCRI effect. It is also larger for the high
pressure hcp phase. In general, it is not possible to simply subtract the empty-cell background of
the period and dissipation due to the pressure dependence of the cell. For large signals or cells
where the background is essentially linear, this is not as much of a concern. However, when we
are dealing with changes from the background that are only a few tenths of a nanosecond, an
increased temperature dependence of the background, and pressures several times higher than
those of our customary samples, then these things do come into play.
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From the smooth temperature dependence of both the period and dissipation, we
conclude that there is no evidence of decoupling (NCRI) in either hcp or bcc 3He.

Conclusion
Comparing the behavior of hcp 4He to both hcp and bcc 3He, we were able to distinguish
the effects of the crystal structure from those of Bose/Fermi statistics. A shear modulus increase
of ~10% was observed in hcp 3He. This, along with the amplitude dependence, is qualitatively the
same as was observed for hcp 4He. The shear modulus anomaly is consistent with the pinning of
dislocation lines at low temperature by impurities. These impurities effectively ‘boil off’ at higher
temperatures, allowing the dislocation lines to fluctuate, softening the crystal.
In contrast to the shear modulus data, the torsional oscillator results depend explicitly on
quantum statistics. No evidence for mass decoupling, or the associated dissipation peak, is
observed for either hcp or bcc 3He, only for hcp 4He. The similarity between the shear modulus
changes in the hcp phases of 3He and 4He, along with the lack of a signal in the torsional
oscillator measurements on hcp 3He, provides a clear confirmation that the period drop observed
in 4He is not an artifact of changes in the elastic properties of 4He. This combination of
measurements supports a supersolid interpretation of the 4He behavior, since the decoupling only
occurs in the Bose solid. Even though there are many similarities between the NCRI and the shear
modulus data, the connection between the two is not entirely clear. It seems likely that the motion
of dislocations at high temperature destroys superfluidity. The pinning of the dislocations by 3He
at low temperature both increases the shear modulus, and facilitates the superflow, which is
observed as decoupling in the torsional oscillator experiments.

Chapter 6
Well, is it a supersolid or not?
Since this question is the main thing driving the research described in this dissertation, it
only makes sense to end by addressing it directly. Furthermore, because shrugging my shoulders
and saying, “I don’t know” is probably not an acceptable conclusion, this chapter will summarize
all of the evidence for and against interpreting NCRI as a direct consequence of superfluidity in
the crystalline phase of 4He.
From the very beginning, Kim and Chan performed several control experiments that
provided evidence that the NCRI effect may be the result of superfluidity in the crystal [Kim
2004a, Kim 2004b]. These were the dummy cell, the lack of NCRI in solid 3He, and the blocked
annulus experiment. Perhaps the most crucial of these was the blocked annulus experiment that
has since been duplicated by Rittner and Reppy [Rittner 2008]. The period drop and its
associated dissipation peak that constitute the NCRI signal has now been observed by almost ten
separate groups. There is absolutely no question that the effect is real, only its interpretation is up
for debate.
We have presented copious amounts of data showing that disorder plays a significant role
in determining the NCRI response in solid 4He. Generically speaking, increasing levels of
disorder produce NCRI signals that are larger in magnitude, have a higher onset temperature, and
exhibit broader temperature dependence in the onset region. However, none of this says anything
about the origin of the effect. There are two big questions related to disorder. First, will NCRI be
observed in a perfect crystal? Second, even if we assume that it is superflow that is responsible
for NCRI, is the flow occurring within the bulk crystal or only along the defects?
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The first question is extremely difficult to answer experimentally. What exactly do we
mean by ‘perfect crystal’? No claims have been made that our crystals are perfect; perfection is
not something that even really makes sense in an experimental sense. All we can say is that for
our highest quality samples (grown from the superfluid under CP/CT conditions at ~1 K), NCRI
is still clearly present. In fact, of all the samples that have been studied since 2004 (probably
hundreds taking into account all of the groups), NCRI is always observed. [In their first paper
[Rittner 2006], Rittner and Reppy state that they can completely eliminate the NCRI in their
sample by annealing and that they observe no NCRI for high pressure samples (above 30 bar).
Their stated resolution in terms of NCRI is ~0.05%. Since we now see clear NCRI signals less
than 5 times this amount, I do not consider this as evidence of the absence of NCRI.] It will be
important in the future to push for even higher quality crystals by growing them at constant
temperature below ~100 mK. This is part of the plan for the optical cell experiment, which is in
progress. It is known that growing samples carefully at this temperature can yield dislocation
densities of ~103 cm-2. For all intents and purposes, this is about as close to perfection as we can
get.
Assuming a superfluid picture of NCRI, the question of where the flow occurs is an
interesting one. Between the single crystal experiments and the work done with 4He in aerogel,
we have convincingly ruled out any kind of superfluid grain boundary scenario. This leaves two
options; either the superflow is occurring in the bulk crystal, or it occurs along the dislocation
lines (the Shevchenko state). There is a substantial amount of evidence that indicates the
importance of dislocation lines. There is the dependence on 3He for only a few ppb (this only
makes sense if there are lower dimensional structures), as well as the temperature dependence of
NCRI matching with the crossover from node to impurity pinning. The similarity between the
NCRI and shear modulus data is also a strong indicator that the dislocations play an important
role. One way of interpreting the results is if the motion (or spatial fluctuations) of dislocations

101
destroys superfluidity in the crystal, then superfluidity is only possible when the dislocation
network is pinned due to the condensation of 3He impurities onto the dislocation lines. However,
this model does not answer the question of where the flow occurs. A simple calculation assuming
that the dislocation has a core the diameter of three atoms would require a dislocation density of
~1011 cm-2 to support an NCRI of 0.02%. This is two orders of magnitude higher than any
dislocation density ever observed, much higher dislocation densities would be required to support
an NCRI above 1%. On the other hand, there are several assumptions that go into extracting a
dislocation density from the ultrasound measurements. It is possible that either their models are
wrong, or the core size is much larger than we have assumed. One major flaw in the dislocation
picture of NCRI is that it makes absolutely no sense to talk about dislocations in porous Vycor
glass with 7 nm pores of Vycor glass, whereas the typical length between nodes in a helium
crystal is ~1 µm.
There has been a lot of attention paid to the vortex fluid model of P. W. Anderson. It
seems now that much of the phenomenology of the vortex language such as pinning and binding
can be translated into a model describing the Shevchenko state. If we think of a square lattice of
dislocation lines pinned at the corners, flow around any closed loop could be thought to represent
a vortex. It seems to me that the only time a true vortex liquid model would make any sense is for
a gas of Bose condensed defects as in the Andreev and Lifshitz model.
The fact that NCRI is only observed in the Bose solid 4He is convincing evidence that
NCRI is, in fact, evidence of a supersolid phase. The same shear modulus anomaly is seen in the
hcp phases of 3He and 4He, but NCRI is only observed in 4He. This also indicates that modulus
changes in the solid helium are not responsible for the period drop. Additionally, the observation
of a heat capacity peak by Lin et al. in the same temperature range as the NCRI significantly
bolsters the supersolid interpretation [Lin 2007]. It seems that much of the time it is not that we
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are adding evidence to support the supersolid interpretation so much as we have been consistently
ruling out all other possibilities.
Still, many puzzles remain. As we have already mentioned, even the dislocation
meditated model of supersolidity, which is consistent with most of the data for bulk samples,
cannot account for the porous media results. The heat capacity peak is a strong indication that
something is occurring at low temperature. However, it is not at all a sharp λ-like peak. The peak
looks rather Gaussian in nature. This either indicates that there is a broad distribution of local
transition temperatures, or this peak is the result of some other kind of crossover effect.
To date there have been no published results to indicate a structural or energetic transition
in either the neutron or x-ray scattering data. [At several meetings John Goodkind reported
preliminary neutron scattering data that may show the existence of a roton-like branch and
additional sound modes in solid helium, but this has not been confirmed and is not currently
published.] However, many of these experiments have not been able to reach below ~100 mK.
There is a three order of magnitude variation in NCRI between all the different groups.
However, if the data is interpreted not as NCRI (the period drop divided by the mass loading), but
in terms of the frequency change (δf/f), where f is the frequency of the oscillator, then the
difference between all of the groups is only about a factor of 10. This may be an indication that
NCRI may not be the correct way to interpret the data. The initial finite element calculations by
Clark et al. showed that the expected change in frequency due to an increase in the shear modulus
of the helium by 20% is a factor of two to twenty times smaller than what is observed in a number
of torsional oscillators from several labs. Recently, Balibar’s group found that in single crystal
samples, the increase in shear modulus can be as large as 80%. This is much larger than the 30%
increase that was previously believed to be the upper limit (this is also assuming that the only
elastic constant that changes is c44). This new information means the discrepancy found in the
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calculations by Clark et al. is not as striking as previously thought. It would be nice if we could
repeat the solid 3He experiment in a cell that had a large NCRI to begin with for 4He.
As we can see, there is mounting evidence that the NCRI is evidence of a true supersolid
state. However, there are still many issues that need to be resolved. I guess we’ll have to wait for
the sequel…
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