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We present neutron scattering measurements of the dynamic structure factor of liquid helium confined to
nanoscales in 25 and 34 Å mean pore diameter porous media over a range of pressures and temperatures. At
low temperature and low pressure we observe well-defined phonon-roton �P-R� modes characteristic of liquid
helium containing Bose-Einstein condensation �BEC�. As pressure is increased above 25 bars, we observe that
the high energy P-R modes broaden and become unobservable. At pressure p=36.3–36.8 bars we observe loss
of all modes, including the roton. The observation of modes up to 36.3–36.8 bars indicates that there is liquid
containing BEC in the gelsils up to this pressure. The loss of modes at 36.3–36.8 bars indicates loss of BEC in
the liquid or significant solidification in the gelsils at this pressure. At a pressure of 31.2 bars, we observe
well-defined P-R modes up to T�1.4 K but loss of all modes above this temperature. At p�0, we have
previously observed modes up to T�=2.17 K. Yamamoto et al. have reported superfluidity in the same 25 Å
gelsil up to a pressure pc=34 bars at T�0 K and to a maximum temperature of Tc=1.3 K at p�0. The
transition at pc=34 bars and T�0 K was interpreted as a quantum phase transition. The present observation
of P-R modes at temperatures well above Tc �and pressures slightly above pc� indicates that there is a phase
containing BEC above Tc �pc� that is not superfluid. This is interpreted as a Bose glass phase containing islands
of BEC that support P-R modes separated by normal liquid so that there is no phase coherence across the
sample as needed for superflow. The Bose glass phase lies between the superfluid and normal liquid at all
temperatures and pressures. Measurements of the static structure factor indicate that freezing in the gelsils is
predominantly to an amorphous solid.
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I. INTRODUCTION

There is currently fresh interest in exploring the properties
of liquid helium under pressure, both bulk liquid helium1–4

and helium confined in porous media.5–11 The goal is essen-
tially to reveal and understand Bose-Einstein condensation
�BEC� and superfluidity in dense Bose liquids, again both in
uniform liquids and liquids confined to nanoscales and in
disorder. Interest is also stimulated by the observation12–16 of
a possible superfluid phase in solid helium and similarities
between the solid and liquid.

4He in porous media17 is also an example of bosons in
disorder,18–24 as are Cooper pairs �bosons� in high Tc
superconductors25,26 and in disordered thin films,27–29 Jo-
sephson junction arrays,30 flux lines in dirty
superconductors,31 and alkali atoms in optical traps with
disorder.32–35 Superfluidity of liquid 4He in a variety of po-
rous media has been extensively investigated.17 A goal is to
determine the normal to superfluid transition temperature,
TC, and the critical exponents governing the superfluid den-
sity, �s�T�, in confinement and disorder. Tc is suppressed be-
low the bulk value, T�, by confinement and the critical ex-
ponents are larger or equal to the bulk values. Measurement
of the excitations of liquid 4He in porous media is relatively
recent.8,23,36–44 The aim is to determine how BEC and the
phonon-roton �P-R� modes are modified by disorder and to
make the connection with the changes in superfluid behavior.

The BEC condensate fraction in bulk liquid helium at low
temperature is predicted to decrease significantly with in-
creasing pressure,4,45 from the observed value40 of n0

=7.25% at saturated vapor pressure �SVP� �p�0� to n0
�2%–3% at 40 bars. Thereafter n0 decreases more
slowly4,45 and is predicted to remain finite at high pressure.
This implies that bulk uniform liquid helium will remain a
superfluid at higher pressure.3 In contrast, in helium confined
in 25 Å porous media, a quantum phase transition �QPT�
from the superfluid to a normal liquid phase at pc=34 bars at
low temperature has been reported.7,10 In this QPT the con-
finement and disorder in the porous media apparently play a
critical role and the nature of the excitations and BEC in
confined helium are of great interest.

Bulk liquid helium in equilibrium solidifies at 25.3 bars
for temperatures T�1.0 K. Werner et al.1 extended the liq-
uid phase of bulk helium from 25.3 up to 160 bars for short
periods of time using rapid compression of the liquid. The
liquid phase can also be extended to higher pressure when
the liquid is confined in porous media.5–8 In larger pore me-
dia �e.g., media with pore diameters d�70 Å�, the increase
in the freezing pressure, �p, above the bulk value appears to
be well predicted by the classical expression2 �p=2� /R,
where � is the interface tension between the liquid and solid
phases and R=d /2 is the radius of the pore. However, this
expression for the onset of freezing pressure in a pore does
not appear to hold well for small pore media �d�50 Å�.
This is apparently because there is no well-defined surface
between the liquid and solid phases during freezing at
nanoscales.46,47 The onset of freezing of 4He in 25 Å mean
pore diameter �mpd� gelsil has recently been measured7

down to temperatures of T=1.0 K, where the onset of freez-
ing pressure is at 38 bars. Extrapolation to temperatures be-

PHYSICAL REVIEW B 78, 224507 �2008�

1098-0121/2008/78�22�/224507�11� ©2008 The American Physical Society224507-1

http://dx.doi.org/10.1103/PhysRevB.78.224507


low 1.0 K suggests an onset of freezing at p�36 bars at T
�0 K in 25 Å mpd gelsil.

In bulk superfluid helium, at pressures from SVP up 25.3
bars, the P-R mode is continuous and is sharply defined with
a long lifetime48–52 for wave vectors 0�Q�3.6 Å. At a
temperature of 1 K, the P-R mode lifetime is typically 1000
times longer than that of a longitudinal phonon in solid he-
lium. Essentially, when there is BEC, the single-particle and
density excitations in a Bose fluid53–55 have the same energy.
Thus there are no single-particle excitations at low energy to
which the P-R mode can decay, as there is in liquid 3He, for
example. In a Bose condensed liquid, the P-R mode can
decay only to other P-R modes, e.g., a single P-R mode into
a pair of P-R modes. This later process has little phase space
open to it and the mode has a long lifetime at low tempera-
ture. We expect this basic connection between BEC and the
existence of only P-R modes to remain true at higher pres-
sure.

The bulk modulus, the sound velocity and the P-R mode
energy at lower wave vectors, Q, increase with pressure8,48

and are predicted4 to continue to increase with increasing
pressure. In contrast, the P-R mode energy at higher wave
vector in the roton region �Q�2.1 Å−1� decreases with in-
creasing pressure8,48,56 and is predicted4 to continue to de-
crease with increasing pressure. Thus the P-R mode energy
dispersion curve spans a wider energy range at higher pres-
sure with the energy of higher energy modes increasing in
energy and the roton energy decreasing. This change opens
up intermode decay channels. At p�25 bars the energy of
the highest energy P-R modes at Q�1.1 Å−1 exceeds the
energy of two rotons and the energy is high enough that the
mode can decay into two rotons. Equivalently, we may say
the high energy single P-R modes lie in the two P-R mode
bands. These high energy modes broaden and become unob-
servable at p�25 bars.8,56,57 As pressure is further in-
creased, P-R modes over a wider range of Q around the
“maxon” Q�1.1 Å−1 have sufficient energy to decay into
two rotons and they too become broad and
unobservable.8,56,57

In previous neutron-scattering measurements, we have
observed the P-R modes of liquid 4He at SVP �p�0� in
several porous media.38–40,44,58,59 Specifically the tempera-
ture dependence was investigated. This showed that well-
defined P-R modes exist at temperatures above the superfluid
phase of 4He in the porous media, above Tc. Well-defined
modes were generally observed up to or close to T�, the
superfluid-normal transition temperature in bulk liquid he-
lium �T�=2.17 K at SVP�, where T� is always greater than
Tc. This was observed first in Vycor,40,44 where Tc=2.05 K,
then in 25 Å mpd gelsil56,58 �Tc=0.7 to 1.3 K�7,60 and in
44 Å mpd gelsil59 �Tc=1.92 K�. Since well-defined P-R
modes exist because there is BEC, this suggests that there is
BEC above Tc in porous media. This was
interpreted23,24,40,44,58,59 as BEC localized to islands sepa-
rated by normal liquid in the porous media, each island hav-
ing an independent phase so that there was no phase coher-
ence across the sample. This is a striking example of a Bose
glass phase �at temperatures Tc�T�T�� which has been
predicted to separate the superfluid and fully normal phase in
dirty Bose systems.18–22,61–64

In this paper we present data on the P-R modes and other
excitations of liquid helium in 25 and 34 Å mpd gelsil as
function of pressure up to 54 bars and temperatures up to 2
K. Some data in 47 Å MCM-41 are also presented. We find
that the P-R mode at wave vectors Q�1.1 Å−1 �the maxon
region� broadens and becomes unobservable at the lowest
pressures p�26 bars, as observed earlier8 in a 44 Å mpd
gelsil. At p�26 bars the single P-R mode energy 	Q at Q
�1.1 Å−1 exceeds twice the roton energy �	Q
2�� and
mode has sufficient energy to decay into two rotons. As pres-
sure increases, the range of Q for which 	Q
2� increases,
around Q�1.1 Å−1. At p=31.2 bars we observe well-
defined P-R modes at wave vectors 1.6�Q�2.3 Å−1 only
�where 	Q�2��. This mode decay process is an intrinsic
property of liquid helium and we expect similar behavior in
bulk liquid helium. We also expect the liquid to support long-
wavelength phonons at Q�0.5 Å �where again 	Q�2��
but apparently their intensity is too small to be observed in
the present small pore media.

At p=36.3–36.8 bars at low temperature, the P-R modes
in the roton region also broaden and become unobservable in
all the porous media investigated. There are no P-R modes at
all above this pressure. We interpret this as the pressure at
which either all BECs vanish in the liquid or there is signifi-
cant solidification in the media. This pressure is above pc
=34 bars, the pressure at which the QPT in 25 Å mpd gelsil
is observed.7,9 Similarly, at p=31.2 bars, the P-R modes in
the roton region broaden with increasing temperature and
become unobservable at T=1.3–1.4 K. At p=31.2 bars, the
Tc of the superfluid phase in 25 Å gelsil7 is Tc�0.2 K.
Thus there is a temperature range at 31.2 bars, Tc�T
�1.4 K, where there is BEC but no macroscopic superflow.
We interpret this as the range where there is BEC localized
to isolated islands that support P-R modes in an otherwise
normal liquid, a Bose glass phase as in the range Tc�T
�T� at SVP.23,24,40,44,58,59 A letter describing some of these
results has appeared.56

The experiment is discussed below. The results are pre-
sented in Sec. III and the findings are discussed in Sec. IV.

II. EXPERIMENT

A. Porous media samples

Both the 25 and 34 Å mpd gelsils were fabricated by 4F
International Co.65 using a sol-gel technique. They were
characterized by 4F International using N2 adsorption-
desorption isotherms at 76 K. The isotherms were analyzed
using the standard Barrett, Joyner, and Halenda �BJH�
model66 revealing the mean pore diameters quoted with a
broad approximately Gaussian pore diameter distribution of
half width at half maximum of approximately 20 Å. The
distribution of pore radii of the 34 Å mpd gelsil is shown in
Fig. 1.

The 34 Å mpd sample had a pore volume of
0.539 cm3 /g and surface area of 638 m2 /g as determined
from the isotherms using the Brunauer, Emmett, and Teller
�BET� model67 analysis. The 25 Å mpd sample had a pore
volume of 0.376 cm3 /g and surface area of 586 m2 /g as
determined similarly by 4F International Co. from the iso-
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therms. The larger pore volume of the 34 Å gelsil meant that
it held more helium and was a significantly easier sample to
investigate with neutrons than the 25 Å mpd sample. The
25 Å mpd gelsil was kindly provided by Shirahama.7,9,10 It
is the same gelsil as used in his group’s measurements of the
superfluid density, the specific heat, and the phase diagram of
helium in 25 Å gelsil.

The MCM-41 was synthesized by the group of Patarin
and Soulard at the Laboratoire de Matériaux Minéraux, Mul-
house, France following the procedure of Corma et al.68 The
sample was a white powder of micrometer grain size. N2
isotherms were performed and analyzed by them using the
BJH model. This yielded a mean pore diameter of 47 Å with
a narrow distribution around the mean of half width at half
maximum of 1.5 Å, much narrower than the gelsil samples.
A surface area of 931 m2 /g was determined using the BET
procedure. The sample was the same as used previously by
Albergamo et al.43 to establish negative pressures and helium
isotherms performed are reported in Ref. 43.

The samples were outgassed at 50 °C in a vacuum of
10−8 mbar for three days.

B. Neutron-scattering experiment

The gelsil samples consisted of two monolithic cylinders
placed one on top of the other in the cylindrical Al sample
cell as shown in Fig. 2. Specifically, the 34 Å mpd gelsil
sample had a total mass of 2.58 g and volume 2.39 cm3 in
the form of two cylinders: one of diameter 9.2 mm and
height 18.3 mm and the other of diameter 9.0 mm and height
18.5 mm. With a pore volume of 0.539 cm3 /g, a total
sample pore volume of 1.39 cm3 is indicated �a porosity of
58%�. Similarly, the 25 Å mpd gelsil had a total mass of
2.93 g and volume 2.16 cm3 in the form of two cylinders:
one of diameter 8.76 mm and height 17.64 mm and the other
of diameter 8.85 mm and height 17.79 mm. With a pore
volume of 0.376 cm3 /g, a total sample pore volume of
1.11 cm3 is indicated �a porosity of 51%�.

The internal diameter of the sample cell is 10.2 mm for
the 34 Å gelsil and 9.1 mm for the 25 Å gelsil. The volume

of helium between the gelsil and the cell walls exposed to the
neutron beam �as shown in Fig. 2� is 0.61 cm3 for the 34 Å
gelsil and 0.15 cm3 for the 25 Å gelsil. There is an addi-
tional volume of 0.3 cm3 of helium above and below the
sample shielded from the neutron beam by Cd rings in each
case. The helium between the sample and the sample cell
walls is bulk helium. This helium will exhibit bulk excita-
tions and will solidify at 25.3 bars. In the case of the 47 Å
mpd MCM-41, the sample in the form of a powder was
packed gently in the cell. Although there is no bulk helium
between the sample and the cell walls, there is bulk helium
between the grains of the MCM-41 powder. The sample cell
was cooled with a circulating 3He cryostat for the 34 Å
gelsil and the MCM-41 samples and by a dilution fridge for
the 25 Å gelsil to reach lower temperatures.

The helium in the gelsil and MCM-41 pores consists of
“dead” layers on the pore walls and liquid �or solid at high
pressures�. Approximately one half of the helium is in the
dead layers in the 34 Å gelsil. The dead layers are expected
to be layers of amorphous solid helium as discussed at the
end of Sec. III and in Sec. IV B.

The porous media in the sample cell, shown in Fig. 2,
were filled with helium via the filling capillary which is the
warmest point in the sample cell. Particularly, at pressures
above 25.3 bars the cell was filled at constant temperature
and pressure with the filling capillary open. Above 25.3 bars
the helium condenses as liquid in the gelsil and as bulk solid
helium in the free space around the gelsil. The pressure was
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FIG. 1. �Color online� The distribution of pore radii in 34 Å
mpd gelsil obtained from nitrogen isotherms by 4F International
Co.
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FIG. 2. �Color online� Schematic diagram of the gelsil sample
and sample cell. The 34 Å gelsil contains V=0.7 cm3 of liquid
4He. There is V=0.6 cm3 between the gelsil and the cell walls in
the neutron beam. There is an additional V=0.3 cm3 of liquid 4He
above and below the gelsil shielded from the neutron beam.
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determined from the temperature and the known pressure-
temperature relations on the bulk melting line. When the cell
is full, the capillary is blocked and the cell is isolated. When
the cell is subsequently cooled below the bulk melting line,
the pressure in the cell is calculated from the temperature.
For example, for samples grown on the bulk melting line at
p=37.8 bars �T=2.00 K�, the pressure at the lowest tem-
perature �T=0.07 K� is calculated to be 36.3–36.8 bars. If
the sample is grown at a pressure above 40 bars and there is
solidification in the gelsil on cooling, the pressure in the cell
is less accurately known at low temperature.

The inelastic neutron-scattering measurements were per-
formed on the IN6 time-of-flight neutron spectrometer at the
Institut Laue-Langevin �ILL�, Grenoble, France. An incident
neutron wavelength of 4.15 Å and spectrometer energy res-
olution full width at half maximum �FWHM� of 0.2 meV
was used. The procedure for carrying out the neutron-
scattering measurements was similar to that in previous
experiments.8,39,40,44,58,59 The data were analyzed using the
standard ILL data analysis package LAMP available on the
ILL website.

III. RESULTS

A. Modes: Pressure dependence

To set the stage for our experimental results we sketch the
phase diagram of helium in Fig. 3. The short-dashed line
marks the phase boundaries in bulk helium. At low tempera-
ture and low pressure, bulk helium is in the superfluid phase.
At pressures above the short-dashed line, bulk helium solidi-
fies, e.g., above 25.3 bars at T�1 K. At higher temperature,

the dashed line denotes the superfluid to normal liquid tran-
sition temperature T�. At SVP �p�0�, T�=2.17 K and on
the bulk freezing line T�=1.76 K. The solid line in Fig. 3
marks the phase boundaries of helium confined in 25 Å mpd
gelsil.10 At SVP, helium in the present 25 Å gelsil is a su-
perfluid below Tc=1.4 K. Clearly, Tc is suppressed below
the bulk value T� by confinement. As pressure is increased,
Tc decreases further until Tc goes to zero at a pressure p
=34 bars.7 The superfluid-normal liquid �S-N� transition line
�Tc� in 25 Å gelsil, where �S is observed by Yamamoto et
al.7 to go to zero, is marked by a solid line. The solid lines
labeled “freezing” and “melting” mark the onset of freezing
and melting of helium in 25 Å gelsil as observed by Shira-
hama and co-workers69,70 in pressure cell measurements.
Clearly, in gelsil the liquid phase is extended up to higher
pressures. Finally, the points with error bars denote the pres-
sures and temperatures at which we last observe P-R modes
in 25 and 34 Å mpd gelsil and in 47 Å MCM-41 in the
present measurements as set out below. The existence of P-R
modes signals the existence of liquid helium. It is also inter-
preted as signaling the existence of BEC in the
liquid.24,40,43,58,59

Our measurements of the P-R modes as a function of
pressure show that the P-R modes begin to broaden and dis-
appear above 25.3 bars. The high energy modes in the maxon
region broaden and become unobservable at the lowest pres-
sure. To illustrate why high energy P-R modes broaden and
disappear first, we show the P-R energy dispersion curve
observed in bulk superfluid helium at SVP and in helium at
31.2 bars in 34 Å mpd gelsil in Fig. 4. At any wave vector
Q, the energy of the sharp component of the phonon-roton
response, which defines the P-R energy 	Q, cannot exceed
twice the roton energy 2�. If it does, the mode has sufficient
energy to decay into two rotons. For example, at SVP, the
energy of the P-R mode at higher Q beyond the roton comes
up to 2� but does not exceed 2�.

As pressure increases, the roton energy decreases8,48 �cf.
Fig. 9�. Also as pressure increases, the P-R mode energy, 	Q,
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at wave vectors in the maxon region increases. At approxi-
mately 20 bars, 	Q in the maxon region reaches 2� and 	Q
ceases to increase with increasing pressure. Above 25.4 bars,
we no longer observe P-R modes in the maxon region be-
cause the mode has broadened through decay to two rotons.
Indeed, at p=31.2 bars, as shown in Fig. 4, we observe
modes at wave vectors in the range 1.6�Q�2.4 Å−1 only
where 	Q lies below 2�. We can observe modes up to Q
=2.3 Å−1 on the present neutron spectrometer only. Loss of
P-R modes at Q values 0.6�Q�1.6 Å−1 at p=31.2 bars
can thus be understood in terms of mode decay to two modes
because 	Q
2�. At Q values below 0.6 Å−1 the scattering
intensity is low and this is probably why we do not observe
phonons at Q�0.6 Å−1 in the present small samples. We
now focus on the remaining modes at wave vectors 1.6
�Q�2.4 Å−1.

In Fig. 5 we show the dynamic structure factor S�Q ,	� at
Q=2.1 and 2.2 Å−1 for T=0.9 K and pressures immediately
below and above 25.3 bars where bulk helium freezes. Be-
low 25.3 bars there is bulk liquid in the gelsil and around the
gelsil. Below 25.3 bars, the roton mode in S�Q ,	� arises
from both the liquid in the gelsil and around the gelsil and
there is an intense P-R mode �roton� at 	�0.6 meV. Imme-
diately above 25.3 bars, the bulk liquid around the gelsil
freezes and the intensity of the P-R mode in S�Q ,	� drops
markedly on the scale shown. The remaining P-R mode aris-
ing from the superfluid in the gelsil at p
25.3 bars has a
clear width. Immediately above 25.3 bars we observe a peak
at 	�1.1 meV arising from exciting phonons in the solid
around the gelsil. The purpose of Fig. 5 is to show that at
higher pressure the peak intensity of the P-R modes in the
gelsil is low and the mode has a width. In contrast, at SVP
the scattering intensity from the P-R modes of superfluid 4He
in 44 Å−1 gelsil and in the bulk are comparable59 and the
modes have an unobservably small width.39,58,59

Figure 6 shows a color plot of the intensity in S�Q ,	� as
a function of wave vector Q and energy 	 transfer of 4He at
25.4 bars in 25 Å mpd gelsil. The intensity of the P-R mode

in S�Q ,	� is highest at the roton wave vector Q=2.1 Å �at
energy 	�0.62 meV�. The intensity in the P-R mode de-
creases with decreasing Q until at Q�1.3 Å−1 there is no
observable P-R mode in the plot. There are some indications
of increased intensity again in the P-R mode at Q
�0.8–0.9 Å−1 in the phonon region. There is also large in-
tensity at Q�2.0 Å and energy 	�1.0 meV arising from
phonons in the solid around the gelsil. The scattering inten-
sity from single phonons �Q2 times the Debye-Waller factor�
in solid helium at this pressure is expected49 to peak at
1.8–2.0 Å−1 consistent with the phonon intensity observed
in Fig. 6.

The same features in S�Q ,	� are displayed in Fig. 7. At
Q=2.1 Å−1 the P-R mode has large intensity peaked at 	
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FIG. 5. �Color online� The dynamic structure factor S�Q ,	� of 4He in 25 Å mpd gelsil at Q=2.1 and 2.2 Å−1 and T=0.9 K at pressures
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25.3 bars� is much weaker than that
from the bulk liquid around the gelsil when p�25.3 bars. The intensity centered at 	�1.1 meV observed when p�25.3 bars arises from
phonons in the solid around the gelsil.

FIG. 6. �Color online� Intensity plot of S�Q ,	� in wave vector
Q and energy 	 of 4He in 34 Å mpd gelsil at pressure p
=25.4 bars. The intensity in the P-R mode in the roton region at
Q�2.1 Å−1 and 	=0.62 meV is high. The intensity in the P-R
mode falls with decreasing Q until in the maxon region Q
�0.9–1.2 Å, where the mode energy would be 	�2�
=1.2 meV; there is no peak intensity. There is some indication of a
P-R mode in the phonon region at Q�0.6–0.7 Å. The intensity at
higher energy arises from phonons in the solid around the gelsil.
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�0.62 meV. As Q is decreased toward the maxon region,
the intensity in the P-R mode decreases �and the energy in-
creases� until at Q=1.3 Å−1 only a very broad mode remains
at 	�1.2 meV or no mode at all. In the wave vector range
1.6�Q�2.4 Å−1 �not shown� no P-R mode is observed.
Again, large intensity arising from phonons in the solid
around the gelsil is observed at 	�1.0 meV at wave vectors
Q=1.7–2.1 Å−1.

Figure 8 shows the pressure dependence of S�Q ,	� at
wave vectors Q=2.1–2.3 Å−1 in 25 Å mpd gelsil at low
temperature. The inelastic response from the P-R mode is
again peaked at 	�0.6 meV and that from the phonons in
the solid around the gelsil at 	�1.1 meV. As pressure in-
creases above 34 bars, the intensity in the P-R mode begins
to decrease �or the mode broadens� and at a pressure of 37.8
bars a well-defined mode is no longer observed. Two sepa-
rate samples were grown at p=37.8 bars in the 25 Å mpd
gelsil. In one case a P-R mode was observed but not in the
other. The difference probably arises from a small difference
in the actual pressure. The pressure p=37.8 bars is the pres-
sure at which the helium samples were grown at T=2.0 K.
This corresponds to a pressure of 36.3–36.8 bars at T
=0.07 K. A P-R mode has not been observed at a pressure
above 36.3–36.8 bars in the 25, 34, and 44 Å mpd gelsils or
47 Å MCM-41 in our measurements. In Fig. 9 we plot the
P-R mode energy at the roton wave vector versus pressure
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FIG. 8. �Color online� S�Q ,	� of 4He at Q=2.1–2.3 Å−1 in 25 Å mpd gelsil as a function of pressure. In all cases, the P-R mode at
	�0.65 meV is no longer observed at pressures p=37.8 bars and above. The pressure 37.8 bars is the pressure at which the cell was filled
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gelsil.
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with no rotons observed in samples grown at pressures above
37.8 bars.

B. Modes: Temperature dependence

At higher pressures, p=26 and 31.2 bars, we find that
well-defined P-R modes in liquid helium in the gelsils are
observed up to T=1.3–1.4 K only. Figure 10 shows S�Q ,	�
at the roton wave vector Q=2.1 Å−1 in 25 and 34 Å mpd
gelsil as a function of temperature at p=31.2 bars. The large
intensity at zero energy transfer �	=0� is elastic scattering
from the gelsil and sample cell. The peak at 0.6 meV is the
roton mode. The peak at 	�1.1 meV again arises from
phonons in the solid around the gelsil. As temperature is
increased, the roton mode broadens and the intensity in the
mode decreases. Some of this intensity are transferred to low
	. At T=1.3–1.4 K, there is no longer a well-defined roton
mode in either gelsil. This is consistent with our previous
findings8 in 44 Å mpd gelsil. The temperature T
=1.3–1.4 K at which the P-R modes are last observed at p
=31.2 bar and p=26 bar is marked in the phase diagram in
Fig. 3.

Figure 11 shows the temperature dependence of S�Q ,	�
at the roton Q and p=26 bars where we see that there is no

roton above T=1.3–1.4 K. S�Q ,	� at 70 bars is also shown.
At 70 bars all the helium is expected to be solid and there is
no scattering at low 	 and the phonons have moved to higher
energy as expected for phonons in the solid.

C. Structure factor

To investigate the freezing of the liquid and the structure
of the solid in the pores of 34 Å mpd gelsil, we measured
the static structure factor S�Q� as a function of pressure. A
background measurement was first made with helium at 5 K
and SVP in the cell. In this background we expect to have
amorphous solid helium layers on the pore walls but other-
wise helium gas at SVP in the cell. Shown on the left side of
Fig. 12 is the net S�Q� above this background arising from
4He at T=0.4 K in the gelsil pores and between the gelsil
and the sample cell walls. At p=25.4 bars we anticipate liq-
uid in the interior of the gelsil and bulk crystalline solid
around gelsil. At p=25.4 bars the S�Q� in Fig. 12 shows the
structure expected for a liquid �or an amorphous solid� in the
pores with a peak position at Q�2.25 Å−1. There are also
Bragg peaks which arise from the bulk crystalline solid
around the gelsil. As pressure is increased up to 34.4 bars the
peak position of S�Q� moves to higher Q as expected for a
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FIG. 9. The roton energy � versus pressure in 25 and 34 Å mpd gelsil. In 34 Å gelsil the roton energy appears to change little or
erratically with pressure for p�30 bars which is not understood.
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liquid under increasing pressure. However, between 34.4 and
44.8 bars the peak position dropped to lower Q, as high-
lighted on the right side of Fig. 12. We associate the drop in
peak position of S�Q� between 34.4 and 44.8 bars with freez-
ing of the liquid in the pores. The freezing is predominantly
to an amorphous solid since the shape and intensity in S�Q�
has changed little from the liquid S�Q�.

There is possibly a broad Bragg peak appearing on solidi-
fication just below the main peak of S�Q� which lowers the
apparent peak position of S�Q� as was observed in helium in
a 70 Å mpd gelsil.71 However, simulations of freezing in
liquids of nanoscale size47 suggest that solidlike correlations
develop as freezing proceeds and these solidlike correlations
lower the peak position of S�Q� as observed in Fig. 12.

We have also observed Bragg peaks arising from the solid
in the gelsil in some samples so that some crystalline regions
in the gelsil are indicated. A fresh sample is grown at each

pressure so that the Bragg peaks appear at different positions
at different pressures. However, the S�Q� is characteristic of
an amorphous solid occupying most of volume in the 34 Å
gelsil pores because the magnitude of S�Q� differs little from
that of the liquid. Thus only a small fraction of the intensity
lies in Bragg peaks. Freezing and the solid phase are dis-
cussed further below and in a forthcoming publication.

D. Bulk solid phonons

We have interpreted the scattered intensity, shown in Figs.
6–8, 10, and 11, observed at higher energies �e.g., at 	
�1 meV for Q�2.0 Å−1� as arising from phonons in the
bulk solid helium lying between the gelsil and the sample
cell walls. For example, in Fig. 6 the maximum in S�Q ,	� at
Q=2.1 Å−1 and 	�1 meV is attributed to phonons in bulk
solid helium. This maximum lies immediately above the
maximum in S�Q ,	� at 	�0.62 meV arising from rotons.

To support this interpretation, we note first that the one
phonon S�Q ,	� as a function of Q peaks at Q�2 Å−1 for
phonons in solid hcp at p�26 bars �V=21.1 cm3 /mole, lat-
tice constant a=3.67 Å� �see Fig. 4.3 of Ref. 49�. Also, the
phonon energy at this Q value in hcp solid helium at a
=3.68 Å has recently been observed72 to be 0.9–1.0 meV.
Thus the position of the maximum of S�Q ,	� in Q and 	
seen in Fig. 6 is exactly as expected for phonons in bulk hcp
solid helium. It is curious that S�Q ,	� of hcp solid averaged
over randomly oriented crystallites looks so similar to that of
liquid helium when observed using a time-of-flight instru-
ment with a resolution of 0.2 meV. The solid shows an “ap-
parent” rotonlike minimum. However, the branches and ori-
entation dependence expected for phonons in a solid �as well
as observable phonon widths� are revealed in triple axis
measurements.73 Higher resolution would reveal that P-R
modes in the liquid have orders of magnitude narrower line
widths at T�1.0 K.

Second, the phonon energies observed at Q�2.1 Å−1 and
	�1.1 meV increase with increasing pressure, characteris-
tic of phonons in a solid. This is seen particularly in Figs. 8
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and 11. In contrast the roton energy decreases with increas-
ing pressure. As Q is reduced toward 1.3 Å−1, the scattering
intensity from both the phonon-roton mode in the liquid and
from the phonons in the solid becomes weak and broad. At
these Q values it is difficult to separate the two unambigu-
ously.

Third, there is a larger volume of solid helium around the
34 Å gelsil than around the 25 Å gelsil. The observed scat-
tering intensity at 	�1.1 meV is larger for the 34 Å gelsil
�see Fig. 7� than observed for the 25 Å gelsil in Fig. 8. This
is consistent with the intensity at 	�1.1 meV arising from
phonons in the solid. The intensity arising from the solid
phonons relative the roton intensity varies from pressure to
pressure since a new solid is grown at each pressure �new
solid orientations�.

IV. DISCUSSION AND INTERPRETATION

A. Quantum phase transition and the Bose glass phase

As discussed in Sec. III and shown in Figs. 3 and 8, we
observe P-R modes at wave vectors in the roton region in 25
and 34 Å mpd gelsil up to but not beyond a pressure pB
=36.3–36.8 bars at T�0.5 K. This pressure exceeds the
pressure pc=34 bars at which Yamamoto et al.7 observe the
superfluid density �S to go to zero in 25 Å gelsil. Since there
is roton up to pB, there must be liquid up to pB, at least in
domains large enough to support a roton mode. �The number
of atoms in a 25 Å pore excluding the amorphous solid
“dead” layer on the walls is approximately 100.� At the same
time, the onset of freezing line observed by Shirahama et
al.10,69 and shown in Fig. 3 extrapolates to between 34.5 and
36.5 bars at low temperature. Thus pB lies close to or even
somewhat above the onset of some solidification in the 25
gelsil. However, as discussed below, the onset of freezing
probably represents freezing of only a small fraction of the
liquid. With this introductory sketch we make the following
comments on the results of Sec. III.

�1� The observation of a P-R mode at pB means that in the
pressure range pc� p� pB the helium is predominantly liq-
uid. The observation of P-R modes at pressures above pc
supports the interpretation that pc is the critical pressure of a
QPT from a superfluid to a Bose glass within the liquid
rather than the �S going to zero at pc because of solid forma-
tion.

�2� Since well-defined P-R modes require BEC, this
means that there must be BEC up to the pressure pB. Thus
the pressure range pc� p� pB represents a pressure range in
which there is localized BEC in the liquid in the same way
that there is localized BEC in the temperature range Tc�T
�T� at SVP. At a pressure of 35 bars, the condensate frac-
tion in bulk liquid helium is predicted4,45 to be 2%–4%. For
helium in cylindrical pores, Rossi et al.75 predicted a conden-
sate fraction that varies from layer to layer of helium within
the pore with an average fraction of 1% at 68 bars.

�3� From the phase diagram in Fig. 3, we see that there is
localized BEC surrounding the superfluid phase in the 25 Å
gelsil at all the pressures and temperatures investigated. This
suggests that there is indeed a Bose glass phase separating

the superfluid and normal liquid phases at all pressures and
temperatures.

�4� With localized BEC surrounding the superfluid, the
superfluid to normal liquid phase transition may be inter-
preted as an extended to localized BEC crossover. In the
superfluid phase, the condensate is extended and continuous
with a single phase across the sample. There is phase coher-
ence across the sample. Above Tc, or above pc at T�0 K,
the condensate is sufficiently localized to islands separated
by normal fluid that there is no phase coherence across the
sample.

�5� At the lowest temperatures, the P-R mode could dis-
appear because of loss of BEC in the liquid or because of
sufficient solidification of the liquid in the gelsil to eliminate
the P-R modes. At higher temperatures, however, the P-R
mode definitely disappears in the liquid phase. For example,
at T=1.3–1.4 K, the P-R mode is last seen at pressures �e.g.,
31.2 bars� that lie well below the freezing line7,9 reproduced
in Fig. 3. In this case, we may associate the loss of P-R
modes with the loss of localized BEC in the liquid phase.
The loss of P-R modes in the liquid under pressure at higher
temperature is confirmed in recent specific-heat
measurements.10

B. Freezing of the liquid

The classical expression for the increase in freezing pres-
sure, �p, in a pore of diameter d above the bulk liquid freez-
ing pressure is �p=4� /d, where � is the interface tension
between the solid and liquid phases. In a porous media hav-
ing a broad distribution of pore diameters such as the gelsils,
the classical expression suggests a distribution of freezing
pressures in the media. This expression predicts a mean
freezing pressure of 65 bars in the 34 Å mpd gelsil using the
pressure-dependent � proposed by Maris and Caupin.2 It
suggests a distribution of freezing pressures of FWHM of
�p=�p��d /d���p�40 bars with an onset of freezing at
the edge of the FWHM of 40–45 bars. If there is a dead layer
on the media walls, the pore diameter d should be reduced by
the width of the dead layers.

While valid for large pore media,2 we expect this classical
result to be at best an indicator for smaller pore media such
as the present gelsils. Indeed, Bittner and Adams5 found the
freezing pressure independent of pore diameter in smaller
pore media. First, the classical expression is obtained by as-
suming that there is solidification to a well-defined solid
phase �e.g., crystalline� so that there is a meaningful surface
tension between the solid and the liquid phases. It is also
assumed that the solid regions nucleate in the liquid away
from the walls and that solidification proceeds by growth of
these regions once they reach a critical size. However, simu-
lations of freezing in small pores of diameter d�20�, where
� is the diameter of a hard sphere representing the helium
atom ���2.203 Å for helium74� indicate that the liquid
freezes to an amorphous solid which is difficult to distin-
guish from the liquid.46,47 Rather than having a well-defined
solid and liquid phases, solidlike correlations develop within
the liquid as freezing proceeds to an amorphous solid. Simu-
lations suggest that the static structure factor, S�Q�, of the
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amorphous solid regions differs little from that of the liquid.
Indeed, the only difference in S�Q� on solidification is an
increase in the peak height of the main peak in S�Q� on the
low Q side of the peak,47 exactly as we observe in Fig. 12. In
larger 70 Å mean pore diameter gelsil, Wallacher et al.71

observed a single broadened Bragg peak on freezing. We
have observed Bragg peaks in some samples of freezing in
the present 25–44 Å mpd gelsils but usually Bragg peaks
are not observed.

Specifically, simulations of argon in small pore disordered
carbon47 find that freezing begins with a few regions of the
liquid developing interatomic correlations characteristic of
an amorphous solid. The number of regions showing amor-
phous solid correlations grows as the temperature is lowered.
As temperature is further decreased the “solidified” regions
coalesce giving way to larger connected regions of amor-
phous solid. The density increases gradually as the total frac-
tion of the liquid showing amorphous solid correlations in-
creases.

Rossi et al.75 find that freezing of helium confined in a
25 Å diameter cylinder takes place layer by layer. In the
liquid phase at low pressure, there is always a “dead” layer
of 4He adsorbed on the cylinder walls which is an amor-
phous solid, as observed on aerogel,76 for example, and as
we observe in the present gelsils. The first layer beyond the
“dead” layer is liquidlike as are subsequent layers at low
pressure. As pressure is increased, the first liquid layer adja-
cent to the wall freezes with subsequent internal layers freez-
ing at higher pressure.75 The freezing takes place layer by
layer to an amorphous structure in each layer over a range of
pressures.

In all the above pictures we expect freezing in the gelsils
over a range of pressures. At higher pressure a larger fraction
of the liquid freezes since subsequent liquid layers freeze.
The simple picture of layer by layer freezing is complicated
by the irregular nature of the gelsils and the broad distribu-
tion of pore diameters. In the 25 Å mpd gelsils, Shirahama69

observed onset of freezing at 38.9 bars at T=1.2 K with a
small pressure drop on freezing of �p�0.6 bars. Freezing at
higher pressures p=41.5 bars and p=49.0 bars shows a
larger pressure drop on freezing, �p�1.7 bars and �p
�3.0 bars, respectively. The larger pressure drop suggests
that a larger fraction of the liquid is solidifying at higher
pressures. This is consistent with layer by layer freezing and
with growing regions developing solidlike interatomic corre-
lations as pressure increases. It is also consistent with our
measurements of S�Q� which show freezing to an amorphous
solid that is structurally little different from the liquid even
up to 57 bars.

Parenthetically, it is interesting that simulations predict
liquid regions up to high pressures �62 bars in 70 Å Vycor77

and 200 bars in 25 Å gelsil46� but these regions are appar-
ently not superfluid as indicated by the small superfluid den-
sity in solid helium in Vycor. We plan to return to this topic
in a future publication.
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