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Abstract
Liquid 4He becomes a superfluid and flows with zero viscosity below 2.176 K. In 2004,
a similar phenomenon was observed in solid 4He, when a fraction of the solid apparently
decoupled from the motion of the crystal lattice. Kim and Chan first observed this phenomenon,
known as non-classical rotational inertia (NCRI), in torsional oscillator experiments. The
detection of NCRI points to a superfluid phase in solid 4He, which since has been termed
supersolid. Further work by Lin et al. showed a broad peak in the specific heat of solid 4He on
top of the Debye T3 term near the onset of NCRI. This is indicative of a thermodynamic phase
transition. Still, more experimental work is needed to verify that this is a supersolid phase.
A characteristic phenomenon of the superfluid transition is the divergence of the thermal
conductivity of liquid 4He near 2.17 K. It is interesting to consider whether a similar anomaly
appears in the thermal conductivity of solid 4He appears near the supposed supersolid transition.
Previous measurements of the thermal conductivity of bulk solid 4He did not observe any
anomalous behavior near the supersolid onset.

However, NCRI has been reported in both bulk

solid 4He samples and solid 4He in porous media. These facts motivated us to measure the
thermal conductivity of solid 4He in Vycor, a porous glass.
In order to do so we were required to construct a leak-tight Vycor cell capable of
withstanding the immense pressures and high stresses of extremely low temperatures. We
overcame these obstacles by constructing a cell comprised of a cylindrical Vycor rod coated with
Stycast 2850 and held by copper supports. Counter intuitively, the thermal conductivities of the
empty Vycor cell and the solid 4He were not additive. This fact prompted us to examine the ratio
of the thermal conductivity of the 4He-Vycor system to that of the empty cell. A small “dip” was
observed in this plot near the onset of the supersolid transition.
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1 Introduction
Helium is an extraordinary substance. This chapter provides evidence supporting this claim and
provides the background upon which this research has developed. A brief history of helium
physics is first provided, followed by an overview of superfluidity, which provides the concepts
and terminology needed for the discussion of solid helium and supersolidity. The studies
presented here are experimental and theoretical in nature but a comprehensive discussion of the
helium field is beyond the scope of this thesis. The interested reader is pointed to the reviews by
Meisel [1] and Prokof’ev [2]. Finally, the chapter is concluded with the motivating questions
behind this research.

1.1 The history of helium
Helium is the second most abundant element in the universe, created in the aftermath of
the Big Bang. In 1868, French astronomer Pierre Jules César Janssen first discovered helium by
taking careful measurements of the solar spectrum during a solar eclipse in India [3,4]. Helium
was aptly named after the Greek word for the Sun, Helios. Over half a century later, helium was
detected on Earth by British scientist W. Ramsay, who observed the same spectral lines escaping
from the mineral clevite.
By 1908, H. Kamerlingh Onnes had successfully liquefied helium at a temperature of 4.2
K at the University of Leiden in the Netherlands. By means of the Joule-Thomson effect
Kamerlingh Onnes was able to cool 4He to 0.9 K, the coldest temperature ever achieved at that
point. The liquefaction of helium allowed Kamerlingh Onnes to investigate the low temperature
properties of materials and, among other things, led to the discovery of the superconducting
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nature of pure metals such as mercury, tin and lead at very low temperatures. Kamerlingh Onnes
was awarded the Nobel Prize in Physics in 1913 for these low temperature studies [5]. Most of
Kamerlingh Onnes’ work gained recognition but the birth of helium physics thanks to the
breaking of the 1 K barrier is most important for this thesis.
Despite Kamerlingh Onnes’ success in liquefying 4He, solid helium remained aloof,
because of the absence of helium’s triple point. It was not until 1926 that 4He was successfully
solidified by Onnes’ student W. Keesom by applying significant external pressure [6].
A further decade passed until the superfluid properties of 4He began to emerge. In 1938,
John Allen and Don Misener published observations of non-classical hydrodynamics of liquid
helium at temperatures below 2.2 K [7]. In the same issue of Nature, Russian physicist, Pyotr
Kapitza, published experimental evidence of non-viscous flow of liquid helium and coined the
term “superfluid” [9]. Kapitza won the Nobel Prize in Physics in 1978 for his work in low
temperature physics and is generally given credit for the discovery of the superfluidity of 4He.
Although Allen and Misener made essentially the same discovery as Kapitza they never received
a Nobel Prize [5]. The thirty-year gap between the liquefaction of 4He and the discovery of
superfluidity is likely due to the excitement of the discovery of superconductivity and the limited
number of low temperature researches at the time.
After the work supporting the discovery of superfluidity had begun to grow, theoretical
work began in earnest to explain this new state of matter. In 1938, Fritz London was able to
explain the phenomenon of superfluidity in terms of Bose-Einstein condensation (BEC) [9].
That same year Laszlo Tisza suggested the so-called “two-fluid model” for liquid 4He [10].
Three years later Lev Landau independently made the same suggestion and worked out the
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details of this theory [11]. Landau received the 1962 Nobel Prize in Physics for his theoretical
work in condensed matter, especially in liquid helium [5].
Since then thousands of experiments on 4He have been undertaken. Investigations into
the superfluid state have led to the discovery of unusual properties beyond the zero-viscosity
state. Some notable characteristics include, persistent mass currents, extremely high thermal
conductivity (that tends to infinity for small heat currents), self-emptying beakers, quantized
vortices, irrotational flow, and second-, third, and fourth-sound.
Until recently solid 4He had been found to behave reasonably as a normal solid if only
that it possessed some distinct characteristics. For instance, solid 4He has a large molar volume
and extremely high compressibility and is the only substance that does not solidify at absolute
zero. In 2004, Eun-Seong Kim and Moses Chan of the Pennsylvania State University discovered
interesting phenomena that have changed the perception of solid 4He [12,13].

1.2 Superfluid 4He
Directly below its boiling point, 4He behaves as a normal liquid with finite viscosity.
When cooled to 2.17 K it undergoes a transition and becomes a superfluid. The transition is
characterized by a specific heat anomaly, whose shape resembles the Greek letter λ and has led
to the name “λ-point” for the temperature Tλ at which the transition occurs. In practice, Tλ
indicates the conversion between two distinct forms of liquid: the normal fluid above Tλ,
traditionally denoted He I, and the superfluid, He II, below Tλ. On the helium phase diagram this
transition is denoted by the so-called λ-line, as shown in Figure 1. As mentioned previously, He
I behaves as a normal low-viscosity liquid, however, the properties of He II are drastically
different.
3

Figure 1.1: Phase Diagram of 4He [3]
Several studies have been undertaken in order to measure the viscosity of He II. These
studies can be divided into two major categories: experiments designed to measure the viscous
resistance of He II to flow through channels and experiments which measure the viscous drag on
a body moving through He II.
In the former, the flow velocity of He II is measured through channels of differing widths
using a flow viscometer. In typical experiments the flow rate of He II was found to be
independent of the pressure along the channel [14]. In addition, the flow becomes large even
with small-applied pressure differences and then saturates, remaining approximately constant as
the pressure is increased. This fact suggests that the viscosity of superfluid 4He is effectively
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zero. This result is further supported by persistent mass current measurements in which a torusshaped chamber is filled with liquid 4He and rotated. When the rotation of the vessel was
stopped, the He II continued to flow, showing no loss of angular momentum over a 12-hour span
[15]. This indicates that He II can flow frictionlessly.
Measurements of the second method were conducted by means of rotation viscometers.
In these experiments a cylindrical solid is submerged in He II and made to rotate. The torque
necessary to make the solid rotate provides a measure of the viscosity of the He II. In these
studies a non-zero viscous drag was observed [16]. Strangely, He II is both viscous and nonviscous.
This contradiction is the crux of the two-fluid model [10], which is capable of explaining
many characteristics of He II. In this model, He II is comprised of a mixture of two liquids: the
normal fluid with a non-zero viscosity and the superfluid, which flows without friction and
through narrow channels. Each component has its own characteristic density such that the total
density is constant, i.e. ρ = ρn + ρs where the subscripts n and s represent the normal fluid and
superfluid, respectively. Below 1 K, He II is almost entirely superfluid, as indicated in Figure 2.
In this theory, the entropy of the superfluid is zero (Ss = 0) and the normal component carries all
the entropy (Sn ≠ 0). These two components give rise to He II’s capability of two simultaneous
different motions. The normal fluid component and the superfluid component each have their
own distinct local velocity. The total current density then is given by the sum of the products of
the density and velocity of each component, i.e. j = ρnvn + ρsvs . It should be noted, however,
that the two fluids components cannot be physically separated. Furthermore, it is incorrect to
consider some of the atoms as belonging to the normal fluid and the remaining atoms to the
superfluid as 4He atoms are bosons and therefore identical.
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Figure 1.2: Normal and superfluid density of He II according to the two-fluid model [17]
Early experiments designed to study the thermal conductivity of He II found that it is
extremely high, tending to infinity for small heat current. In actuality, it is impossible to
establish a temperature gradient in bulk superfluid helium. However, it is possible to establish a
temperature gradient between two volumes if the volumes are connected by a channel, through
which only the superfluid component can flow. This channel, known as a superleak, is typically
constructed using a tube tightly packed with fine powder. The powder’s particles form small
passages, typically on the order of 100 nm in width, which allow the superfluid to pass through
but hold the normal fluid in place. If heat is incident upon one side of the superleak a
temperature difference is established and a pressure head develops as a result. This happens
because the superfluid component flows from the low temperature side to the high temperature
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side of the superleak in order to reduce the temperature gradient (ρs/ρ increases with decreasing
temperature). Therefore, heat transfer always occurs with mass transfer in He II.
Consider then, direct heat supplied from a direct current applied through a resistor to bulk
He II and removal of said heat into a constant temperature reservoir elsewhere by internal
convection. Normal fluid flows from the heat source to the sink, while the superfluid fraction
flows in the opposite direction, such that the total density remains constant everywhere. Thus,
unlike in other fluids, heat in He II is not transferred via conduction and simple convection of the
whole fluid. In He II, heat is carried solely by the normal fluid component; the superfluid cannot
transport heat.
In addition to flow without dissipation, a fundamental characteristic of the superfluid is
its behavior under rotation. When a vessel full of He II is set into rotation, the normal fluid
component undergoes classical solid-body rotation. The superfluid behaves quite differently; it
experiences vortex motion in which, a series of vortex lines wind through the fluid in the vessel.
The superfluid component rotates around each vortex line. The angular momentum associated
with each vortex is quantized.
More pertinent to this thesis is the rotation-related phenomena known as non-classical
rotational inertia (NCRI). NCRI is, effectively, the failure of a superfluid to rotate with its
container. NCRI is quantum mechanical in origin and a characteristic of the equilibrium state of
the system, but must be distinguished from the phenomenon of persistent currents [18]. NCRI
reveals itself in two related phenomena.
True NCRI, also known as the Hess-Fairbank effect [19], occurs when the superfluid
appears to come out of equilibrium with its container. To illustrate this phenomenon consider a
water-filled annulus that is set to rotate. After a short time the water comes to rotate with the
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annulus and continues to rotate with it as long as the annulus itself rotates. When the annulus is
brought to a halt the water eventually comes to rest. Now instead, imagine we fill the annulus
with He II and conduct the same experiment, starting at a temperature Tλ. The annulus is set into
rotation with a very low angular velocity. Just as before, the 4He eventually comes to rotate with
the annulus. Now, as the container continues to rotate very slowly, the system is cooled through
Tλ. As the temperature is decreased the 4He appears to fall out of equilibrium with the container
and halt its rotation even though the annulus continues rotating. As the temperature tends to
absolute zero all of the liquid 4He ceases to rotate and comes to rest in the laboratory frame. This
is the true thermodynamic state and is exactly analogous to the Meissner-Ochsenfeld effect in a
superconductor [20].
The second rotation-related phenomenon is the following. Consider again, an annulus
filled with liquid 4He at a temperature above Tλ. However, in this scenario the system is set to
rotate with a significantly greater angular velocity. As the system crosses the lambda line there
is very little observable change and the liquid continues to rotate with the annulus. However, in
this case when the container is brought to rest the liquid 4He continues to rotate, in definitely. It
can be shown that the rotating state cannot be the thermodynamic equilibrium state for the case
when the annulus is unmoving. This means that the non-diminishing rotation of liquid 4He is an
extremely long-lived metastable state, known as the metastability of superflow.
Superfluidity is an inherently quantum mechanical state. The ground state of He II is the
purely superfluid state. The resultant spin of a 4He is zero and thus 4He is a boson, governed by
Bose-Einstein statistics. An ideal gas of bosons with non-zero rest mass exhibits the
phenomenon of BEC. At low temperatures, the particles assemble into the lowest single-particle
energy level of the system and condense into a single quantum state. The distinctive property of
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BEC is that the bosons lose their individuality and gain complete coherence such that the system
behaves as a whole. The condensation into this state begins at a critical temperature and is
complete at 0 K. The onset of superfluidity in liquid 4He behaves in this manner. The critical
temperature for liquid 4He is Tλ at which condensation into the superfluid fraction of He II
begins. Thus, the occurrence of superfluidity in He II is associated with BEC.

1.3 Solid 4He
Solid helium is strikingly different from the heavier noble gas solids (i.e. Ne, Ar, Kr, Xe).
In fact solid helium is a ‘quantum’ solid. The peculiarities of solid helium are observable in
helium’s phase diagram (Figure 1). Helium is the only substance that does not freeze under its
own vapor pressure at absolute zero. In order to solidify 4He pressures of at least 25 bar are
required. This fact is likely due to a combination of two factors: weak binding forces between
helium atoms and the high non-thermal energy of helium atoms.
The electron shells of 4He atoms are filled and spherically symmetric, which results in
extremely weak van der Waals attraction between helium atoms. In general, atoms are subject to
two distinct forces at long and short distances. For long-range atomic interactions the attractive
van der Waals force is dominant. At short distance there is a repulsive force that results from the
overlapping of electron orbitals (Pauli repulsion). A simplistic mathematical model of this
interaction is given by the Lennard-Jones potential and is given by:

⎡⎛ σ ⎞12 ⎛ σ ⎞ 6 ⎤
V (r) = 4ε ⎢⎜ ⎟ − ⎜ ⎟ ⎥
⎣⎝ r ⎠ ⎝ r ⎠ ⎦

€
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where, r is the interatomic separation and ε and σ are the strength and range of the interaction,
respectively. Although more accurate potentials exist, the Lennard-Jones model provides a
meaningful way to compare the strengths and ranges of atomic interactions for the inert gas
solids (Table 1). Clearly, the strength and range of the interactions between 4He atoms is the
weakest among the noble gas solids.

Inert gas solid

ε (K)

σ (nm)

m (amu)

Λ

Xe

230.4

0.392

131.30

0.064

Kr

164.0

0.362

83.80

0.103

Ar

119.8

0.340

39.944

0.186

Ne

36.7

0.279

20.183

0.577

4

He

10.2

0.262

4.004

2.61

3

He

10.2

0.262

3.017

3.01

Table 1.1: Quantum variables for the intert gas solids [21].
In addition, the low mass of 4He atoms results in a high zero-point energy. The volume
occupied by a 4He atom is dependent on the atoms immediately surrounding it. The atomic
volume Va occupied by the 4He atom can be estimated as a sphere with radius R. The
Heisenberg Uncertainty Principle gives rise to an uncertainty in the momentum of the 4He atom,
Δp~ħ/R. The resulting zero-point energy E0 ~ (Δp)2/2mHe ~ ħ2/2mHeR2 where mHe is the mass of a
4

He atom. The zero-point energy can be written in terms of the atomic volume as E0 ~ ħ2/2mHe

Va2/3. Coupled with weak interatomic attractive forces, the zero-point energy leads to an
exceptionally large molar volume and high compressibility for solid 4He. The facts allow for the
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studying of solid 4He over a large density range. In addition, solid 4He possesses small elastic
constants.
The Boer [22] parameter, a measure of the ‘quantumness’ of a solid, is essentially the
ratio of the zero-point energy to potential energy

Λ=

h
σ mε

where h is Planck’s constant and m€is the mass of the atom in atomic mass units. The Λ values
of the solid inert gases are given in Table 1. The wave functions of neighboring atoms in solids
with large Λ values overlap resulting in the tunneling between sites. This leads to non-thermal
motion of defects (i.e. impurities, vacancies, and dislocations) through the lattice. Under certain
conditions this allows for the propagation of the defects through the crystal.
As discussed previously, quantum effects play a fundamental role in liquid He II,
especially in superfluidity, and also manifest themselves in the solid phase. It is therefore
pertinent to investigate the quantum nature of solid 4He.

1.4 Supersolid 4He
Soon after the theoretical work linking superfluidity to BEC, theorists began to speculate
about the possibility of a superfluid-like phase in solid helium, later named the supersolid state
[23]. Since then over 100 theoretical studies on the presence of a supersolid phase in 4He have
been published. This section reviews the theoretical and experimental works that relate to the
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possibility of a superfluid phase in solid 4He. For a more extensive dealing on the subject the
interested reader should consult the reviews by Meisel [24], Prokof’ev [25], and Balibar [26].

1.4.1

Theory
Following Wolfke’s initial work, Penrose and Onsager proved that BEC was prohibited

in a perfect crystal [27]. A “perfect” crystal is one in which each particle is localized on a lattice
site and the crystal is free from point, line and planar defects. Chester later showed that the proof
of Penrose and Onsager failed when crystal defects were considered [28]. Chester also showed
that a system of interacting bosons which exhibit crystalline order and superfluidity ned not be a
perfect crystal in its ground state.
Following Chester’s work, Leggett suggested that NCRI probably exists in a Bose-Einstein
condensed solid [29]. Leggett showed this to be true for both crystalline and amorphous solids
but the associated superfluid fraction was calculated to be very small, less than 10-4. Six years
later, in an extension of Leggett’s work, Saslow showed that the supersolid fraction was likely
between 0.05 and 0.2 at absolute zero for crystalline 4He [30].
More recent work has also proposed that BEC is not possible in perfect crystals. A study
by Shi showed that NCRI is not possible in the absence of defects [31]. Prokof’ev and Svistunov
also suggested that defects are necessary for a supersolid phase [32]. Furthermore, Ceperley,
Bernu and Clark found that NCRI and BEC were impossible in perfect solids [33].
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1.4.2

The Kim and Chan Experiments

In 2004, Kim and Chan studied solid 4He confined to Vycor, a porous glass, as a function of
temperature using a torsional oscillator technique [12]. A torsional oscillator (TO) is a
mechanical resonator as a very sensitive micro balance. Typical torsional oscillators have an
extremely high quality factor (Q equals 2π times the ratio of the total energy stored to the energy
lost in a single cycle), on the order of 106 at low temperatures. These oscillators have very stable
periods and amplitudes (δP/P~10-9 and δθ/θ~10-4, respectively).
Traditional torsional oscillators consist of a torsion rod with a sample cell attached at one
end. A basic torsional oscillator is shown in Figure 1.3. Torsional oscillators normally differ in
the design of their sample cell. The torsional oscillator used by Kim and Chan in their
experiments to study solid 4He in Vycor, utilized a cylindrical sample cell with the Vycor sample
inside (Figure 1.4). In their experiment, the oscillator was electrically driven with a capacitive
transducer.
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Figure 1.3: Schematic of a simple torsional oscillator [34]. The image on the left shows a
torsional oscillator with a cylindrical cavity, on the right an annular cavity. Beyond these other
internal geometries may be used, resulting in a unique moment of inertia I for each torsional
oscillator.
Torsional oscillators are (ideally) modeled as simple harmonic oscillators, whose
resonant period is given by P = 2π(I/G)1/2, where I is the moment of inertia and G is the torsional
spring constant of the oscillator. The amplitude of this oscillation is given by θ =Qτ/G where τ is
the sinusoidal driving torque.
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Figure 1.4: The torsional oscillator containing a Vycor disk used by Kim Chan TO [12]. The
Vycor glass disk has a diameter of 15 mm and a thickness of 4 mm. The drive and detection
electrodes are capacitively coupled to the central electrode attached to the torsion bob. The
signal from the detection electrode is sent to the lock-in amplifier through a current preamplifier.
The lock-in provides a driving voltage, which controls the amplitude of oscillation in order to
keep the oscillator in resonance.
The chief result of the Kim and Chan experiment is a drop in the resonant period (ΔP) of
their torsional oscillator that occurs around 175 mK, depicted in Fig. 1.5 and Fig. 1.6. Kim and
Chan explain this period drop as a decrease in the moment of inertia of the torsional oscillator.
This was result was interpreted as NCRI, a failure of a fraction of the mass to rotate with the
solid, and evidence of a supersolid phase in 4He.
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Figure 1.5:Torsional oscillator resonant period as a function of temperature of solid 4He in Vycor
glass [12]. The resonant period for different oscillation amplitudes (and therefore different rim
velocities of the Vycor disk, vrim) is displayed agove. A drop in the period ΔP, which signifies
the onset of supersolidity, occurs below 175 mK. Although the magnitude of ΔP is strongly
dependent on the rim velocity, no such behavior is observed above the transition temperature.
The empty cell period and the period of a monolayer 4He film adsorbed on the walls of Vycor are
shown for comparison. Data has been shifted for clarity
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Figure 1.6: Torsional oscillator resonant periods as a function of temperature solid 4He samples
with varying concentrations of 3He [12]. The data shown has been shifted for clarity against the
period scale for solid hcp 4He. All measurements were made with the rim velocity of the Vycor
disk at 30 µs. The plots show that the period drop effect is not related to the stiffening of bulk
solid 4He in the torsion rod. The phenomenon is not seen in pure bcc 3He, nor in solid mixtures
with concentrations of 3He greater than 0.1%, nor in the dummy or empty cells. A period drop
was observed for samples containing 10, 30 and 100 ppm of 3He. The size of the period drop in
these samples is rim-velocity dependent. The dotted lines show the expected background period
of these samples without a period drop. The vertical arrows mark the transition temperatures of
these samples.
That same year, Kim and Chan announced the observation of NCRI in bulk solid 4He
confined to an annular channel in torsional oscillation [13]. Again, the NCRI manifests itself in
a drop in the resonant period of the sample cell, in this case below 230 mK. In these
experiments, Kim and Chan conducted measurements of 17 solid samples allowing them to map
out the supersolid phase boundary from the melting line up to 66 bar, illustrated in Figure 1.7.
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Since these initial experiments, Kim and Chan have studied hundreds of samples. Their
essential findings are summarized in the statements below:
•

The typical supersolid fraction is ρs /ρ ~ 0.01.

•

The supersolid transition is Tc ~ 200 mK, with gradual onset

•

The period drop is non-existent in the BCC phase of 3He and is stifled in magnitude and
pushed to higher temperature with increasing 3He concentrations

•

The effect is non-existent in a blocked annulus cell, suggesting that this is not a local
phenomenon

Figure 1.7: Newly proposed phase diagram of liquid and solid 4He [13]. A supersolid phase has
been added based on observations of NCRI in torsional oscillator experiments at high pressures.
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1.4.3

Further Torsional Oscillator Experiments

Following the experiments of Kim and Chan in 2004 the interest in the question of supersolidity
was reinvigorated in the helium community. One of the most important experiments was the
duplication of Kim and Chan’s findings since a previous TO study found no evidence of NCRI
[61].
Kim and Chan performed several other important works toward verifying their original
findings. After the observation of NCRI in the porous glass, Vycor [12], it was observed in a
matrix of porous gold, whose pore size was two orders of magnitude larger than that of Vycor.
In addition, their original experiments in the bulk [13] were extended to high pressures [35] and
to low 3He impurity concentrations. In all these studies, NCRI was observed at low temperature
and was interpreted as the inception of supersolidity in 4He. Subsequent torsional oscillator
studies were conducted on bulk solid 4He since it had been established that the onset of NCRI
was not a geometrical effect.
The result of the Kim and Chan experiments were compelling not only for their
observation of NCRI and interpretation of a supersolid phase but also because they so starkly
contrasted with the null result from 23 years prior [36]. The helium community quickly realized
Kim and Chan’s results would need to be triplicated. Since 2004, NCRI has been observed in
commercially available, pure (0.3 ppm 3He) solid 4He by four other groups [37,38,39,40]. These
four studies have observed reproducible NCRI with a temperature dependence of low
temperature saturation and a gradual decay to zero at higher temperature. However, these
experiments do not completely agree quantitatively. The NCRI onset temperature varies
(between roughly 200 mK and 400 mK), as does the magnitude of the NCRI fraction (usually
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between ~0.1% and ~1.5%). Indeed these discrepancies exist not only between groups, but
between samples within the same torsional oscillator.
1.4.4

Possible Supersolid Mechanisms

After the 2004 Kim and Chan experiments, considerable experimental and theoretical effort was
put into determining the mechanism behind the observed supersolid state. Previous theoretical
works focused on the role of defects on a superfluid state in solid 4He. The following sections
review theoretical and experimental studies on the manifestation of supersolidity relating to
crystalline defects.
1.4.4.1 Point defects

The condensation of point defects, especially vacancies, was the first mechanism proposed for
the manifestation of a superfluid state in solid 4He. Andreev and Lifshitz proposed that at
absolute zero crystal periodicity preserved. However, at finite temperature, defects (called
defectons by the authors) arise and are converted into excitations that move freely through the
solid lattice [41]. Later Guyer suggested two mechanisms that would allow for the motion of
particles in solid 4He that could lead to the manifestation of BEC and supersolidity [42]. These
mechanisms consist of the motion of single particles through the presence of ground-state
vacancies and the simultaneous tunneling by pairs of particles. However, nuclear magnetic
resonance measurements of solid 3He [43] and 3He-4He mixtures [44] strongly suggest that there
are no ground-state vacancies. Thus, BEC occurs due to cooperative tunneling and Guyer
estimates that the supersolid component is on the order of 10-6, near the resolution range of
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experiments. More recent theoretical studies following the observation of apparent NCRI in
2004, have used point defects to explain supersolidity [45, 46, 47].
More recent experimental data have tended to point to the non-existence of vacancies in
solid 4He. X-ray diffraction measurements by Fraass set an upper limit of 0.1% for the
concentration of vacancies in single crystal 4He grown by the constant pressure method [48].
Van de Haar et al. found an upper limit of 4x10-5 for the density of vacancies in 4He near the
melting curve [49]. Even the most recent data has not presented evidence for the presence of
vacancies in the ground state [50].
1.4.4.2 Dislocations

Dislocations have also been proposed as a possible mechanism for the existence of a superfluid
phase in solid 4He. Originally Boninsegni et al. suggested that screw dislocations in solid 4He
contain a superfluid core at absolute zero [51].
Dislocation networks in solid 4He form a random three-dimensional network and
intersection of dislocation lines in this network form nodes. Experimental results from 2008
suggest the 3He of NCRI in TO studies is related to the condensation of 3He atoms along
dislocation lines in solid 4He [52]. Furthermore, 3He atoms tend to condense at the nodes
preventing dislocation line motion. According to a study by Iwasa et al. the length of the
dislocation lines, defined as the length between fixed points, plays an important role in the
physics of the dislocation network. The dislocation line length is limited by either the
dislocation segment length or the distance between 3He impurities. Iwasa found that there is a
characteristic temperature when the distance between 3He impurities becomes shorter than the
distance between nodes [53]. In their experiments, Kim et al. showed that the supersolid
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transition temperature as a function 3He concentration closely followed the characteristic
temperature associated with the accumulation of 3He atoms onto the dislocation network.
In 2007, Day reported a shear modulus stiffening that obeyed the same temperature and
3

He concentration dependence as NCRI [54]. Day postulated that the shear modulus stiffening

was due to the pinning of 3He by the dislocation network at temperatures below 100 mK. It is
unclear how the shear modulus behavior is related to NCRI but is hard to dismiss Day’s results.
Day further proposed that the long-range phase coherence in supersolidity requires a rigid
dislocation network. However, the mechanism behind the NCRI found in porous materials [12,
55] is not well understood.
Yet, the shear modulus findings of Day and NCRI could be related without invoking
supersolidity. If the TO and solid 4He are treated as a system than the increase in the shear
modulus of the solid 4He would cause a stiffening of the entire system and thus a drop in the
resonant period. Finite element simulations by Clark, Maynard and Chan of TO cells show that
the reduction in the calculated resonant period drop is insufficient in explaining the measured
values from experiments [56].
Dislocations seem to be strongly correlated to the NCRI 3He dependence, making
dislocation networks a good candidate for the mechanism behind by NCRI. However, the exact
mechanism is not yet understood and further work needs to be done to understand observations
of NCRI in Vycor and other porous media where the structure of dislocation networks are
unknown.
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1.4.4.3 Grain boundaries

Grain boundaries have also been the subject of theoretical and experimental work related to the
mechanism behind supersolidity [57, 58, 59]. The onset of superflow in solid 4He has been
attributed to the existence of liquid 4He in grain boundaries. The Kosterlitz-Thouless theory [60]
on the onset of superfluidity in helium films has been well understood and experimentally
verified by Chester [61], Bishop [62], and Agnolet [63]. The superfluid density is proportional
to the total are of the grain boundaries. Around 200 mK, the thickness of the superfluid film is
approximately 20% of a monolayer.
A similar order of magnitude of NCRIf (non-classical rotational inertia fraction) has been
reported in samples grown by constant temperature and blocked capillary method, as well as in
porous media samples [64, 12,13]. Depending on the quality, the surface area of these samples
can vary by as much as 105 times. Typical NCRIf values for the blocked capillary grown
samples is 1%. This NCRIf requires an average grain size of 20 nm, which is significantly
smaller than experimental values obtained by Shuch [65] and Armstrong [66]. It has also been
proposed that micro pockets of liquid 4He are connected by grain boundaries [67]. Currently, no
liquid regions have been observed. In addition, NCRI has been observed at pressures up to 137
bar, well above the liquid-solid coexistence pressure of 25 bar [35].
In an alternative mechanism for NCRI, set forth by Dash and Wettlaufer, liquid 4He is
proposed to arise during pre-melting at the grain boundary between the solid and container wall
[68]. However, their work failed to explain the existence of similar magnitude NCRIf in
different quality samples and porous media. Furthermore, the Dash and Wettlaufer mechanism
cannot explain the blocked annulus experiment either.
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To summarize, grain boundaries are unable to explain similar experimental
measurements of NCRIf in a various quality samples and the blocked annulus experiment.
1.4.4.4 Summary

Most of the hundreds of numerical and theoretical studies carried out on the mechanism behind a
superfluid state in solid 4He regard the presence of disorder as essential. Although the exact type
of disorder responsible for supersolidity is not fully understood, it appears that dislocations are
the most likely candidate. Still further work needs to be undertaken so to understand the
behavior solid 4He below the proposed supersolid transition temperature.

1.4.5

Thermodynamic Studies

While others were working to determine the mechanism behind a possible superfluid state in
solid 4He several thermodynamic studies were undertaken to verify (or disprove) the validity of
the supersolid interpretation. These studies are reviewed in this section.
1.4.5.1 The Heat Capacity of Solid 4He
Other types of experiments were needed to confirm (or disprove) the existence of a true
supersolid state in 4He as interpreted from the torsional oscillator period shifts. With this in
mind, initial measurements of the specific heat of solid 4He samples, grown by the blocked
capillary method, were conducted but no observable features were found down to 80 mK [69].
However, reanalysis of this data by Balatsky et al. revealed a departure from the Debye T3
dependence [70]. Following these results, an extremely careful measurement of the heat
capacity of solid 4He samples (containing 1 ppb, 0.3 ppm, and 10 ppm 3He) was performed [71].
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These samples were also grown by the blocked capillary method but were significantly annealed.
A broad peak was observed in the specific heat, centered around 75 mK, which was interpreted
as the signature of the supersolid phase transition. However, the scatter in this study was
considerably large. A second study of the heat capacity with significantly improved resolution
was performed [72]. The presence of a peak in the heat capacity of 4He was confirmed in this
work.

1.5 The Thermal Conductivity of 4He

The heat capacity peak found in the careful studies [71, 72] of the specific heat of solid 4He
provides a thermodynamic signature for the supersolid phase transition. Indeed many
characteristic features of the superfluid transition in liquid 4He are revealed in thermodynamic
studies of liquid 4He near the lambda point. The thermal conductivity of liquid 4He is especially
interesting and is of upmost importance to this thesis. In the following the literature on the
thermal conductivity of liquid and solid 4He is reviewed.

1.5.1

Thermal Conductivity of Liquid 4He

Initial measurements of the thermal conductivity were conducted in Allen, Peierls and Uddin in
1937 [73]. They found that bulk liquid 4He possessed an extremely high thermal conductivity.
Abel and Wheatley also measured the thermal conductivity of liquid 4He down to 40 mK and
found an extremely high thermal conductivity [74].
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Most pertinent to this thesis, however, are the theoretical predictions and experimental
measurements of the thermal conductivity near the lambda point. In 1967, Ferrell et al. predicted
the divergence of the thermal conductivity of He I approaching the lambda point using the
phenomenological scaling approach [75]. Ahlers experimentally verified this divergence of the
thermal conductivity near the lambda point a year later [76].

1.5.2

Thermal Conductivity of Solid 4He
Measurements of the thermal conductivity of solid 4He have been performed down to 30

mK on samples grown by the blocked capillary technique [77], however, no significant variation
from the T3 phonon conductivity was detected. Burns and Goodkind found similar behavior
down to 50 mK for the thermal conductivity of 4He hcp crystals [78]. The very high thermal
conductivity of bulk solid 4He measured in this study likely prevents the detection of any
anomalies near the proposed supersolid transition.

1.6 Current State of the Field
Many studies have been undertaken in order to attempt to understand the torsional
oscillator data and discern the presence of a true supersolid phase in 4He. Still, much more work
needs to be done in order to verify (or disprove) the supersolidity of 4He.
Several thermodynamic measurements of the liquid 4He near Tλ illustrate anomalies
associated with the superfluid transition. Indeed, the divergence of the thermal conductivity on
approach of Tλ is one of the significant phenomena of the superfluid transition in liquid 4He. It is
interesting to consider whether a similar anomaly occurs in the thermal conductivity of solid 4He
near the proposed supersolid transition.
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Furthermore, NCRI was first observed in solid 4He embedded in Vycor. However, the
small pore size (~7 nm) of Vycor makes it hard to imagine a dislocation network in solid 4He
confined in Vycor, leaving a question as to the mechanism of supersolidity in solid 4He enclosed
in small geometries.
To this end the work of this thesis focuses on the measurement of the thermal
conductivity of solid 4He in Vycor in order to search for anomalous behavior near the proposed
supersolid transition.
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2 Experimental Methods

This chapter contains information pertinent to the equipment and procedures used in the
experiments throughout this thesis.

2.1 Dilution refrigeration

In this work, temperatures as low as 30 mK were reached by means of dilution refrigeration.
The technique of dilution refrigeration is almost 60 years old and a comprehensive review of the
subject can be found in [3, 17]. Below, an introduction to dilution refrigeration is provided
because of its importance in all measurements conducted in this study.
Temperatures as low as 4.2 K are easily accessible by submerging the cryostat in a bath
of liquid helium, which is surrounded in turn by a bath of liquid nitrogen. Cooling further to
temperatures of about 1 K is accomplished by pumping on a container of liquid helium, the socalled 1 K pot. As the helium in the I K pot evaporates, it absorbs heat from its surroundings,
effectively cooling the cryostat. By continuously pumping on the 1 K pot the gaseous helium is
removed and the evaporation of liquid helium continues.
The practical limit of traditional refrigeration techniques is 1 K; further cooling requires
one to invoke the principles of dilution refrigeration. Temperatures as low as 2 mK can be
reached using a dilution refrigerator under continuous operation.
At temperatures below about 0.8 K, mixtures of 3He and 4He spontaneously phase
separate (Figure 2.1). The lighter, 3He-rich component floats atop the heavier 4He-rich fraction.
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Under typical conditions the 4He-rich fraction contains approximately 94% 4He and 6% 3He.
This phase separation is the fundamental principle exploited in dilution refrigeration.

Figure 2.1: Phase diagram for 3He-4He mixtures as a function of temperature [17]
Helium atoms, like all atoms, are attracted to each other by the van der Waals force. The
lightness of the 3He atom results in a much larger zero point motion for 3He atoms.
Consequently, liquid 3He has a significantly larger molar volume than liquid 4He. As a result,
atoms in the 4He-rich fraction are packed together more closely and therefore, the forces between
atoms are greater. Correspondingly, all helium atoms are attracted to the 4He atoms. This means
that the heavier 4He-rich fraction will attract 3He atoms. For this reason, the two phases are
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traditionally referred to by their relative fractions of 3He atoms: the 4He-rich fraction is known as
the dilute phase, while the lighter, 3He-rich mixture is known as the concentrated phase.
In order for a 3He atom to move from the concentrated phase, a relatively weak bound
state since it is completely surrounded by other 3He atoms, to the dilute phase, it must absorb
heat from its surrounding. This heat is known as the latent heat of mixing. This process,
transporting 3He atoms from the concentrated phase to the dilute phase, provides the cooling
power needed to access the millikelvin temperature range. The term dilution refrigeration gets its
namesake from the process of diluting the 4He-rich phase.
To reach the desired low temperatures and fully utilize the latent heat of mixing, 3He
atoms must be continuously removed from the dilute phase. Figure 2.2 demonstrates how this is
achieved in a typical dilution refrigerator.
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Figure 2.2: Schematic of a 3He-4He dilution refrigerator [3]. The main components and a
diagram of the flow of liquids is shown.
Helium starts its journey at the end of a room temperature pump. It is first pre-cooled
through a bath of liquid 4He at 4.2 K. A second 4He bath at roughly 1 K (labeled “From 1.5
condenser” in Fig. 2.2) condenses the 3He. Flow impedances ensure that the pressure is high
enough to condense the 3He and prevent re-evaporation down the line. Now in the liquid phase,
the 3He flows down through a heat exchanger, which is in contact with the still at 0.7 K. Recall,
that at these temperatures a 3He-4He mixture is phase separated. The 3He then flows through the
upper, concentrated phase of the mixture before passing through the lower, dilute phase of the
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mixing chamber. A wider capillary leaves the lower, dilute phase of the mixing chamber and
passes through the heat exchangers in order to pre-cool the incoming 3He. It flows into the still
where it contacts the dilute liquid phase, whose concentration is typically less than 1%. The
concentrated phase above the dilute liquid phase is a vapor with a 3He concentration of
approximately 90%. This is due to the high vapor pressure of 3He compared to 4He at these
temperatures (see Fig. 2.3). The differing 3He concentrations in the still and the mixing chamber
creates an osmotic pressure that drives the 3He along the line.
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Figure 2.3: The vapour pressure of 3He and 4He as a function of temperature [17].
We can achieve a closed 3He circuit by continuously pumping on the still and resupplying the vapor to the condensation line. This continuous loop is the main cooling
mechanism in dilution refrigerators.
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2.2 Pressure Measurements
For experiments dealing with liquid and solid 4He it is often necessary to know the pressure on
the sample. The relationship between the molar volume and pressure provides a simple means
for determining the density of a sample. With knowledge of the pressure, it is possible to obtain
fundamental information on a system. Recall that the partition function Z contains all relevant
thermodynamic information and is related to the pressure by:

⎛ ∂ ln Z ⎞
p = kT⎜
⎟
⎝ ∂V ⎠T

and thus a study of the pressure€versus temperature of a system at constant can provide a wealth
of information.
For the study of liquids, the pressure of the system can be measured at room temperature
using an external sample line. However, this is not possible in solids because the solid plug in
the sample results in variation in the pressure between the sample cell at low temperature and the
rest of the experimental system. Thus, pressure measurements of solid samples must be
measured in situ. The Straty-Adams capacitive pressure gauge was developed for this purpose
[79]. These gauges are extremely sensitive and stable and are affected very little by changes in
temperature below 4.2 K. The pressures in this study were measured using a Staty-Adams
capacitive pressure gauge, thermally anchored to the mixing chamber.
Pressures are often reported in a variety of units. Undeniably one studying low
temperature physics stumbles across the Pascal, the bar, the torr, the atmosphere, the p.si, the
mmHg, and the kg/cm2. In this work, the pressures are reported in the units of pars (1 bar = 10-5
Pascal).
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2.3 Temperature Measurements

Temperature is one of the principle quantities studied in thermodynamics. Temperature is
defined as the quantity in two systems that is reached when the two systems are placed in
thermal contact and allowed to equilibrate. The temperature of a system is related to the average
energy of microscopic motions in that system. This energy takes the form of the kinetic energy
of a constituent particle’s translational motion of the system’s or as the internal energy of a
particle, such as the molecular vibration of a particle or the excitation of a particles energy level.
The process of cooling a system generally involves removing energy from the system. At
absolute zero there is no available energy to remove and all kinetic motion in massive particles
stops and they are at rest in the classical sense. This temperature occurs at exactly 0 K or
-273.15 °C.
2.3.1

Thermometry

A thermometer is a device that can be used to measure changes in the temperature of a system in
a reproducible manner. There are two main classifications of thermometers: primary and
secondary thermometers. A primary thermometer is one for which an equation of state can be
written without introducing any unknown, temperature dependent quantities. Gas thermometers,
acoustic thermometers, noise thermometers and total radiation thermometers are examples of
primary thermometers. A secondary thermometer, on the other hand, requires its output to be
calibrated against defined temperature points.
For most cases, primary thermometers are impractical for a variety of factors such as size,
speed and cost. As a result, secondary thermometers are typically used in most applications.
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Conventionally, secondary thermometers are calibrated against an internationally accepted
temperature scale based on measurements from primary thermometers. The most current
temperature scales are the International Temperature Scale of 1990 [80], referred to as ITS-90,
which includes temperatures as low as 0.65 K and the Provisional Low Temperature Scale of 200
(PLTS-2000) [81], whose lower limit extends to 0.9 mK.
Inaccuracies can occur beyond improper calibration. Several common errors are:
insufficient thermal contact between the thermometer and the object to be measured, self-heating
by the currents used to excite the thermometer (this becomes especially troublesome at the
lowest temperatures where even a few picowatts can lead to a temperature error), and an
exceptionally long thermal response time. It is important to keep these problems in mind when
deciding which thermometer to use for a planned measurement. It is advisable to use more than
one thermometer whenever possible in order to check for discrepancies in temperature
measurements.

2.3.1.1 Germanium thermometers

In this study, germanium resistance thermometers were used for their sensitivity, rapid response
time, and stable calibrations. The resistance of germanium resistance thermometers is extremely
sensitive to impurity doping and therefore they must be individually calibrated. The temperature
sensitivity of these thermometers increases significantly with decreasing temperature providing
high resolution (sub-millikelvin control) at temperatures below 4.2 K. Germanium resistance
temperature sensors are extremely stable, capable of reproducing temperatures within ±0.5 mK
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below 4.2 K. The thermal response time of germanium resistance thermometers is 200 ms at 4.2
K.
The germanium thermometers in this study were purchases commercially and glued to a
silicon wafer using GE-Varnish. Temperature measurements with the germanium temperature
sensors were made using the standard 4-terminal resistance measurements to avoid errors
incurred by the resistance of the leads themselves. In order to avoid self-heating and electrical
noise pick-up below 1 K superconducting leads were used. An L-C filter box was used to
prevent Joule heating.

2.3.1.2

3

He Melting Curve

The 3He melting curve (Figure 2.4) has high sensitivity down to millikelvin temperatures and
thus can provide an excellent low temperature standard. Gauges can readily be constructed to
measure the melting pressure of 3He very accurately [79], so accurate temperature measurements
below 100 mK are accessible using the 3He melting curve [82]. In fact, the PLTS-2000 [81]
below 700 mK is based on the 3He melting curve.
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Figure 2.4: The phase diagram of 3He [3]
The 3He melting curve has four fixed points incorporated into the scale: the temperature
at the minimum of the melting pressure (Tmin), the superfluid transition (TA); the A-B transition
(TA-B) and the solid ordering transition (TSO). Table 2.1 shows the fixed points. The Tmin is the
only accessible temperature with our dilution refrigerator.

Pressure (bar)

T2000 (mK)

Tmin

29.3113

315.24

TA

34.3407

2.444

TAB

34.3609

1.896

TSO

34.3934

0.902

Table 2.1: The fixed points of the 3He melting curve, used for the PLTS-2000 [3].
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The polynomial governing the 3He melting curve is given by

+9

P=

∑a T

n

n

n =−3

where P is in MPa and T is in Kelvin. The coefficients, an, can be found in Table 3.2. To obtain

€
temperatures in terms of the measured
pressure requires inversion of Equation 3.2. The simplest
method for doing so is to generate tables of T(P) and use a standard fitting package to fit short
lengths of the curve.
Table 3.2
Coefficient

PLTS-2000

a-3

-1.3855442x10-12

a-2

4.5557026x10-9

a-1

-6.4430869x10-6

a0

3.4467434x100

a1

-4.4176438x100

a2

1.5417437x101

a3

-3.5789853x101

a4

7.1499125x101

a5

-1.0414389x102

a6

1.0518538x102

a7

-6.9443767x101

a8

2.6833087x101

a9

-4.5875709x100

Table 2.2: The coefficients used to define the 3He melting curve [3]
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By measuring the pressure of the melting curve the temperature can be determined in
order to calibrate another thermometer. In this study, a commercially available RuO2
thermometer anchored on the mixing chamber was calibrated using the 3He melting curve. The
RuO2 was then used to calibrate the two germanium thermometers attached to the sample cell.

2.4 Computer control
A National Instruments LabVIEW (short for Laboraotry Virtual Instrumentation Engineering
Workbench) computer program was used to control the temperature of the dilution refrigerator
and acquire temperature data from the germanium thermometers. LabVIEW utilizes a graphical
programming language, which allows the creation of user interfaces known as front panels.
LabVIEW programs and subroutines are known as virtual instruments (VI). A VI is comprised
of 3 components: a block diagram, a front panel and a connector panel. The block diagram
displays the schematic of the graphical program. The control panel is used to represent the VI in
the block diagrams of other VIs. The front panel allows the user to input and extract data from a
VI. The front panel for the Equilibration VI is displayed in Figure 2.5
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Figure 2.5: Front Pan of Equilibration VI
A homemade LabVIEW program was utilized in this work. Figure 2.6 shows the block
diagram for the main VI in our homemade program. Before beginning the program, the user
inputs the desired temperature of the dilution fridge and equilibration time. The program runs in
a cyclic manner. First the SET sub-VI is run and the temperature of the dilution fridge is
changed to the set point indicated by the user input. Once the temperature of the dilution fridge
matches that of the set point the program proceeds EQL sub-VI. This VI accesses the input
equilibration time and holds the temperature of the dilution fridge at the set point for the
specified time. After this time has been reached the DATA sub-VI is run and the temperature
data from the two temperature probes is collected.
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Figure 2.6: Block diagram of main experimental VI

2.5 Sample growth
There are three methods of growing solid helium crystals: the blocked capillary, constant
pressure and constant temperature. In this thesis the solid 4He samples were grown exclusively
by the blocked capillary method with commercially available 0.3 ppm 4He. In this method, the
dilution refrigerator is first warmed up to an appropriate temperature such that a high-density
liquid 4He can be introduced to the cell. The refrigerator is then cooled down so that a block
forms somewhere along the capillary. The density below the block is then fixed and the sample
is cooled along the melting curve into the solid phase. The initial liquid density must be greater
than that of the 25 bar solid at low temperatures.
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3 Thermal conductivity cell construction
Helium presents many challenges to those wishing to elucidate its extraordinary features. The
immense pressures and extremely low temperatures needed to solidify 4He introduce large
stresses that must be withstood in any experimental set up. This chapter discusses the
experimentation behind the construction of a leak-tight holding cell for the measurement of the
thermal conductivity of solid 4He in Vycor.

3.1 Vycor

Vycor, manufactured by Corning Incorporated, is a porous glass known for it’s high thermal
shock resistance and mechanical properties; Vycor is hard and strong, nondusting, nonflaking
and chemically inert [83]. Vycor is composed of 96% silica, however, unlike most glasses it can
be readily made into a variety of complex shapes.
The manufacture of Vycor products is a multi-step process. A relatively soft, alkali
borosilicate glass (75% SiO2, 20% B2O3 and 5% Na2O) is first melted and formed into the
desired shape by typical glass-working techniques. The glass is then heat treated, which causes a
liquid-liquid diffusion to occur, resulting in separation into a SiO2-rich phase and a B2O3-alkalioxide rich phase. Following another heat treatment and annealing, the glass is placed in a hot
acid solution, which leaches away the soluble boron-rich phase, leaving behind an almost pure
framework of silica.
As a result, the Vycor glass (type 7930) is an open-cell, porous glass that exhibits
excellent absorbing properties. The large porosity of Vycor accounts for an internal surface area
of approximately 100 m2/g.
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A TEM image of Vycor is shown in Figure 3.1. The figure illustrates the typical random,
disordered network of multiply interconnected cylindrical pores in Vycor, whose typical radii
and lengths are 3.5 nm and 30 nm, respectively [84]. The porosity of Vycor, defined as the ratio
of open spaces (pores) to the volume of solid matter, is 28%. The Vycor samples used in this
study were cylinders, approximately 2 cm in length and 0.3 cm in diameter.

Figure 3.1: TEM image of Vycor. The pores are shown in black and the glass in gray [85].

3.2 Cell testing

After construction and before cooling to liquid helium temperatures, it was necessary to test each
cell in order to ensure that it would withstand the pressures and temperatures used in this
experiment. These tests were conducted using an Alcatel 180T 3He/4He leak detector. The cells
were evacuated and placed in a vacuum chamber and the leak detector was made to pump on the
vacuum chamber. Commercially available 4He gas was used to “flush” the cell a total of three
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times. The cells were then cooled to approximately 77 K by (slowly) submerging the vacuum
chamber into liquid nitrogen. Finally, the cells were pressurized with 5 bar of 4He gas for
several hours and the leak rate monitored.

3.3 Cell 1

The initial ‘four probe’ thermal conductivity cell constructed is shown in Figure 3.2. In two
previous heat capacity studies [71, 72] Stycast 1266, a clear epoxy, was used to seal the sample
cells. Here, a thin layer (approximately 0.05 mm) of the same epoxy (Stycast 1266) was used to
seal a 0.3 cm diameter, 2 cm long Vycor cylinder. This thin layer of epoxy also ensures there is
no parallel thermal path for the heat to bypass the 4He-Vycor composite system. Heat is sent via
an ohmic heater from the top end of the Vycor cylinder towards a support that is anchored to a
thermal bath. A piece of oxygen-free, high thermal conductivity (OFHC) copper, that is weakly
coupled to the mixing chamber. Two germanium temperature probes are glued onto two thin
epoxy (Stycast 1266) wafers and separated by a distance of 1.3 cm. The temperature probe
consists of a germanium resistor (1 mm x 1 mm) glued using GE Varnish to an insulating silicon
wafer.
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Figure 3.2: Initial cell constructed for the measurement of the thermal conductivity of solid 4He
in Vycor. The cell consisted of a Vycor rod coated with a thin layer of clear epoxy (Stycast
1266) held by copper supports. This cell leaked at 77 K
Cell 1 was tested by the procedures outlined in Section 3.2 and found to leak at liquid
nitrogen temperatures. At room temperature the cell was removed from the vacuum chamber
and re-pressurized with 4He gas in order to search for a leak using the “soapy bubble” technique.
In this method of searching for a leak, a cell is pressurized with gas and soapy water is applied at
interfaces where leaks are suspected. If a large enough leak is present a bubble will form at the
site of the leak. However, in this case the source of the leak could not be found.
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3.4 Cell 2

In general, when a material is cooled (or heated) it contracts (or expands). A substance’s
response to temperature change is governed by its coefficient of thermal expansion, which
typically varies with temperature. In a mechanical system stress is introduced at the interface
between two materials with differing coefficients of thermal expansion if the system is cooled (or
heated). After the first cell was found to fail at liquid nitrogen temperatures, it was proposed that
the large thermal contraction of copper could have resulted in a leak between the copper and
epoxy-sealed Vycor. The relative thermal expansion coefficients of materials pertinent to this
study are shown in Fig. 3.3. The relative thermal expansion coefficient of Vycor is similar to
that of Pyrex. At very low temperature, Fig. 3.3 shows that the relative thermal expansion
coefficient of Cu differs significantly from that of Vycor. To this end, in our second cell
construction the copper supports were replaced with Invar, whose relative thermal expansion
coefficient is almost identical to that of Vycor.
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Figure 3.3: Relative thermal expansion coefficients of various materials [3]. Invar and
Pyrex/Vycor are shown as the upper and lower lines of (1), respectively. Pure copper is shown
as (7). (17) is Stycast 1266 and Stycast 2850 is slightly larger than (10).
Cell 2, shown in Figure 3.4, was tested in the same manner as before and found to leak at
liquid nitrogen temperatures. Upon further investigation at room temperature the source of the
leak remained unknown.
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Figure 3.4: Second thermal conductivity cell. This cell was constructed from Invar supports in
order to better match the thermal expansion coefficient of the Invar and Vycor glass. The cell
was found to leak at 77 K.

3.5 Final Cell

Following the testing and subsequent failure of the second cell the coefficient of thermal
expansion of the Stycast 1266 was considered. The coefficient of thermal of Stycast 1266,
indicated as 17 in Fig. 3.3., is considerably larger than that of Invar and thus induces mechanical
stress into the system when cooled to low temperature. To combat this, the Invar supports were
replaced by the previously OFHC supports (shown as 7 in Fig. 3.3). In addition, the Stycast
1266 was replaced by Stycast 2850, known simply as black epoxy, whose coefficient of thermal
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expansion matches relatively well with that of OFHC copper at low temperatures. The clear
epoxy wafers used to support the germanium thermometers were replaced by wafers of black
epoxy. The temperature probes are separated by a distance of 1.27 cm.
The third cell was leak checked by the procedures mentioned above (see section 3.2) and
found to be leak tight down to liquid nitrogen temperatures. This cell, depicted in Figure 3.5,
was used to make all measurements in this experiment. Superconducting leads (with a Tc~15 K)
were used for the heats and probes two temperature probes in order to reduce ohmic heating.
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Figure 3.5: Cell used in experiments. The invar supports and clear epoxy of the previous cell
were replaced by copper supports and black epoxy in an attempt to match the thermal expansion
coefficients of the epoxy and supports.
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4 Thermal Conductivity of Solid 4He in Vycor

The thermal conductivity of bulk solid 4He was measured down to 30 and 50 mK in two previous
experiments [77, 82]. Below 250 mK, both studies found a T3 dependence. Within the
resolution of the data (~10% of the measured value) there is no evidence of any anomaly that can
be attributed to the supersolid transition. Near 100 mK the thermal conductivity of bulk solid
4

He is of the order 102 W/K-cm, similar to that of copper. It is difficult to obtain high-resolution

thermal gradient data in a sample of limited length and high thermal conductivity. Furthermore,
it is difficult to discern any anomalies in the thermal conductivity or small changes in
temperature dependence for such a sample. These factors suggest that it may be advantageous to
look for an anomaly in the thermal conductivity of the solid 4He in Vycor system. The following
sections cover the measurement of the thermal conductivity of liquid, solid and monolayer film
samples confined to Vycor.

4.1 Solid 4He confined in Vycor
There have been a number of studies of the solidification of 4He in Vycor glass [86-89]. Figure
4.1 shows the 4He phase diagram for 4He confined to Vycor. As is evident from Fig. 4.1, a
pressure of 40 bar is required for the solidification of 4He in Vycor. At low temperature in the
presence of 4He vapor an amorphous surface film is adsorbed on the walls of the pores by the
van Der Waal’s potential. Due to lattice mismatch continued growth of this surface film into a
bulk solid is unfavorable. Instead, freezing is initiated from the liquid phase in the center of the
pore by homogeneous nucleation of crystallites, whose size is limited by that of the Vycor pores.
In this geometric model of freezing, the extra pressure needed to generate a crystallite of radius r
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temperature, with smaller heating power used at lower temperatures, in order to maintain a ΔT of
roughly 2 mK.
Two germanium resistance thermometers (see section 2.3) were used to measure the
temperature. At the highest temperatures, the resistance of the germanium thermometers was
approximately 50 Ω. At the lowest temperatures in this study the resistance was roughly 30 kΩ.
A Lake Shore LR-700 measured the resistance of the germanium thermometers. The LR-700
has 4 resistance ranges: 200 Ω, 2 kΩ, 20 kΩ, and 200 kΩ. For each, range the minimum
excitation voltage was used. An excitation voltage of 20 µV was used for measurements of the
resistance in the 200 Ω, 2 kΩ, and 20 kΩ ranges. The LR-700 required a minimum excitation
voltage of 200 µV for resistance measurements in the 200 kΩ range. Even at the lowest
temperatues, where an excitation voltage of 200 µV was required the resulting heating is on the
order of 10-12 W and thus can be neglected.
In these experiments the temperature of the cell was scanned from 30 mK to 0.7 K. The
thermal conductivity of the empty Vycor cell was measured for comparison.

4.3 Monolayer film sample
The effect of a monolayer 4He film sample on the thermal conductivity of the Vycor-4He
composite system was studied. It is known that a single atomic layer consists of 13.6 µmole/m2
and thus the necessary of 4He gas can be calculated with knowledge of the Vycor samples
internal surface area. In this experiment, the correct amount of 4He gas was introduced to the
cell using a small dosing volume (10 cm3). The gas was then fed into the cell through the
dilution refrigerator via a capillary. Because the cell is at low temperature and the surface area
of the Vycor comprises over 90% of the surface area of the capillary-cell system, almost all of
the 4He gas migrates to the cell with negligible loss due to adsorption along the capillary.
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Unlike crystalline silica, Vycor is an amorphous solid and governed by the so called, two
level system model [90]. In a disordered solid, certain (groups) of atoms have two mutually
available potential minima of the form shown in Fig. 4.2. At low temperature only the two
lowest energies are significant, with an energy difference defined by Δε and quantum mechanical
tunneling through the barrier. 4He atoms preferentially occupy the higher energy state at low
temperatures where Δε is too large for atoms to overcome and descend into the lower energy
state. As the 4He atoms tunnel into the lower energy state energy is released in the form of heat.
However, at these low temperatures the tunneling rate is low and a long time must pass before
the system equilibrates into its lowest ground state. To quicken this process, a standard method
for the adsorption of 4He films in Vycor has been developed by Tait and Reppy [91]. In this
procedure the valve joining the room-temperature gas-handling system and the low-temperature
sample chamber is opened and gas is allowed to migrate to the chamer. Heat is then applied to
the sample cell to raise its temperature to approximately 10 K, while the valve remains open.
This ensures that the 4He atoms have enough energy to overcome the potential Δε. The porous
Vycor sample cell is then allowed to stand at 10 K for approximately an hour before the heat is
removed. The sample cell was then cooled to 1.8 K over several hours before closing the valve.
Finally, the cell was cooled to the desired temperature. This procedure was used for the growth
of the monolayer 4He film in this study.
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Figure 4.2: Potential of a two-level system [90].
Figure 4.3 shows the thermal conductivity data for the monlayer 4He film and liquid and
solid 4He samples confined in Vycor. The absorption of a monolayer 4He film reduces the
thermal conductivity of the 4He-Vycor composite system at high temperatures and enhances it at
low T. This transition occurs at roughly 0.3 K and can be explained by thermal phonon
scattering. For thermal phonons the wavelength is approximately equal to the inverse of the
temperature (i.e. λ ~ T-1 ). The size of pores in Vycor is around 10 nm. At roughly 0.3 K the
pore size is equal to the wavelength of the phonons. Above 0.3 K the phonon’s wavelength is
less than the Vycor’s pore size and phonon scattering is reduced, resulting in a decrease in the
thermal conductivity of the 4He-Vycor system. For temperatures below 0.3 K, the phonon’s
wavelength is larger than the pore size and thus scattering is significantly diminished. At the
same time, the macroscopic elastic properties of the 4He film are increased which increases the
thermal conductivity.
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Figure 4.3: The thermal conductivity of various 4He samples confined in Vycor as a function of
temperature.

4.4 Liquid sample
The thermal conductivity of a liquid 4He sample in Vycor was studied. As is evident from
Figure 4.1, 4He, when confined to Vycor, remains in the liquid phase for pressures less than 40
bar at low temperatures. In this study a 30 bar liquid sample was studied. At this pressure, the
4

He in the capillary completely solidifies preventing mass flow into and out of the Vycor.
Surprisingly, the superfluid sample actually reduces the thermal conductivity of the

Vycor-4He composite by roughly a factor of 3, as shown in Figure 4.3. The mechanism behind
this phenomenon is not yet understood and further work needs to be done in order to understand
this result fully.
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However, preliminary results from other members of this group of the thermal conductivity
of 4He thin films of varying thicknesses in Vycor have begun to explain this phenomenon.
Experimental studies of 4He films have shown that 4He becomes superfluid in films with
thicknesses greater than ~1.5 atomic layers. These studies observed that the superfluid mass
tends to zero as the film thickness tends to 1.5 atomic layers [92-96]. In the current study, the
thermal conductivity of the 4He film in Vycor tends to the thermal conductivity of the bulk
superfluid in Vycor as the film thickness is increased. This suggests that the mechanism behind
our results is related to the superfluidity of liquid 4He in Vycor.

4.5 Solid sample
Two solid 4He samples were grown in Vycor using the blocked capillary method at pressures of
47 bar and 50 bar. In Vycor, solidification of 4He requires 40 bars of pressure, as shown in
Figure 4.1. Pressures over 40 bar were used in order to ensure that the sample was free from any
liquid impurities.
Solid 4He shows a similar but more enhanced effect on the thermal conductivity than the
monolayer film sample, as illustrated in Figure 4.3. At temperatures below 0.3 K solid 4He acts
to increase the thermal conductivity of the 4He-Vycor system through an increase in its elastic
constants. At temperature greater than 0.3 K the effect is the opposite and solid 4He acts to
reduces the thermal conductivity through phonon scattering.

4.6 Comparison to bulk samples
Zeller and Pohl measured the thermal conductivity of single crystal SiO2 [97]. Our measurement
of the empty Vycor cell yielded a thermal conductivity remarkably smaller than that of pure
silica. This is likely due to the increased phonon scattering from the disordered Vycor glass.
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The thermal conductivity of bulk liquid and solid 4He has been measured in two previous
experiments [74, 77]. In both cases the thermal conductivity of bulk liquid and solid 4He was
found to be extremely high, on the order of 103 µW/K-cm and 102 µW/K-cm at 50 mK,
respectively. Measurements of the thermal conductivity of liquid and solid 4He confined in
Vycor are significantly reduced compared to measurements of the bulk samples, as shown in
Figure 4.4. The thermal conductivity of bulk solid 4He is 103 times larger than that for solid 4He
confined in Vycor. The thermal conductivity of superfluid 4He in Vycor is a factor of 5x104
times smaller than that of bulk liquid 4He.

Figure 4.4: Comparison of the thermal conductivity of liquid and solid 4He in Vycor to that of
bulk liquid and solid samples.
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4.7 Thermal conductivity dip
The thermal conductivity is clearly not additive with helium. That is,

κ ≠ κ Vycor + κ He

Thus, it is more meaningful to plot κ/κVycor rather than Δκ= κ-κVycor (Fig. 4.5). There is a “dip”

€

in κ/κVycor near 0.1 K for a solid samples that is not seen in the monolayer film sample. The
onset temperature of NCRI in torsional oscillator studies varies between 100 and 300 mK [12,
13, 35-40]. In addition, a broad peak in the heat capacity of bulk solid 4He was found to vary
between 60 and 110 mK depending on the sample [71,72]. These facts suggest that the “dip” in
κ/κVycor may be related to the onset of supersolidity but much more work needs to be done in
order to verify this claim.
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Figure 4.5: The “dip” anomaly in the thermal conductivity of solid 4He samples in Vycor near
0.1 K. This phenomenon was not seen in a monolayer 4He film sample.
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5 Conclusion

Thermal conductivity measurements of a monolayer film, liquid, and solid 4He confined in
Vycor were carried out from 0.7 K down to 30 mK. The presence of liquid and solid 4He in
Vycor was found to significantly reduce the thermal conductivity by a factor of 103 or more
compared to that of bulk liquid and solid samples. The solid and monolayer film sample were
found to enhance the thermal conductivity of the Vycor cell for temperatures above 0.3 K but
reduce it at low temperature. Superfluid 4He was found to reduce the thermal conductivity of the
Vycor cell by a factor of roughly 3.
Because the thermal conductivity was not additive with helium, κ/κVycor was plotted. The
solid samples showed a small dip in κ/κVycor centered near 100 mK, which was not seen in the
monolayer film sample. This dip is near the proposed supersolid transition temperature found in
torsional oscillator and thermodynamic studies. Further work needs to be done in order to
determine if this dip is related to the onset of supersolidity.
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