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We present neutron-scattering measurements of the excitations of liquid 4 He confined in Vycor glass focussing on wavevectors in the range 1.55 Å⫺1 ⭐Q⭐1.80 Å⫺1 and temperatures around the superfluid—normal
fluid critical temperature T c . 4 He adsorption isotherms have been measured on the Vycor sample in order to
control filling. The superfluid density of 4 He in the sample was measured using a sound velocity technique
yielding a superfluid to normal fluid critical temperature of T c⫽2.05 K at full filling. The liquid 4 He in Vycor
supports well-defined phonon-roton excitations above the critical temperature in Vycor suggesting the existence of localized Bose-Einstein condensation 共BEC兲 in the normal phase above T c . The phonon-roton excitations 共localized BEC兲 appear to exist up to temperatures of T  ⫽2.17 K. At full filling the phonon-roton
excitations have energies that are the same as those in bulk superfluid 4 He within precision. The liquid also
supports layer modes for wave vectors in the roton region (1.90 Å⫺1 ⭐Q⭐2.10 Å⫺1 ) as observed previously
in Vycor, aerogel, MCM, and Geltech silica.
DOI: 10.1103/PhysRevB.69.014514

PACS number共s兲: 67.40.Db, 64.70.Ja, 61.12.Ex

I. INTRODUCTION

The impact of disorder on Bose-Einstein condensation
共BEC兲, on superfluidity, and on the elementary excitations of
Bose systems is a topic of great current interest.1–9 Recent
experimental examples of bosons in disorder are alkali atoms
in traps combined with optical lattices or molecular impurities and liquid 4 He confined in porous media.4,10–17 Other
examples are Cooper pairs in high-T c materials,18 flux lines
in type II superconductors,19–21 disordered thin films,22 and
Josephson-Junction arrays.23,24
Model calculations of BEC and superfluidity in a dilute
Bose gas containing disorder at T⫽0 K find that disorder
reduces superfluid density  s(T) more than the condensate
fraction, n 0 (T). 3 This result has been impressively extended
to dense Bose liquids using Monte Carlo techniques.8 Indeed
for strong enough static disorder the superfluid density can
be reduced below the condensate fraction. Model calculations of BEC and superfluidity in a dilute Bose gas in disorder at finite temperature suggest that T c is suppressed below
T BEC by disorder.9 Conceivably, therefore, with an increase
in temperature, a state could be reached where the macroscopic superfluidity and  s(T) have gone to zero but the
condensate fraction, at least in some regions of the system, is
still finite. In this event, we could have regions of BEC with
no superfluidity across the sample. In this case, disorder
would separate the superfluid to normal fluid critical temperature, T c , from the critical temperature for BEC, T BEC ,
with T c⬍T BEC .
0163-1829/2004/69共1兲/014514共10兲/$22.50

Specifically, disorder can also localize BEC. Model studies and simulations have demonstrated that the condensate
can be isolated to specific regions by disorder.2,25 Similarly,
in superconductors regions of superconductivity where there
is a finite energy gap can be localized by disorder18 and
perhaps be fluctuating in time. In these models there can be a
temperature region or a level of disorder in which the condensate is localized to favorable regions. These islands of
condensate are separated by regions of normal fluid. In this
circumstance, there is phase coherence over short length
scales in local regions only. Observable superflow across the
sample appears at a lower temperature where the islands of
BEC are larger and become connected so that there is phase
coherence across the whole sample.
In recent neutron-scattering experiments, we have observed evidence that there is localized BEC above the
superfluid-normal transition temperature, T c , of liquid 4 He
in porous media. Specifically, we observe phonon-roton
共P-R兲 excitations above T c in liquid 4 He in Vycor15,26 and
Geltech silica27 共for comment see Refs. 16 and 28兲. Since
observable P-R excitations at wave vectors Q⭓1 Å⫺1 arise
because there is a condensate, this shows that there must be
a condensate above T c , at least in some regions in the media.
At the same time, since the excitations at higher Q have short
wavelengths, the dimensions of the regions could be quite
small. In these porous media, the regions of BEC might be
expected to have coherence lengths of 20–50 Å. To date
only three temperatures above T c in two samples have been
investigated.
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TABLE I. Experimental conditions for the neutron-scattering
experiment. FF is the amount of helium adsorbed in Vycor expressed in filling fraction units. Typical errors on the sample temperature T, filling fraction, and relative pressure P/ P 0 are 0.01 K,
0.005, and 0.01, respectively.
T(K)
FF
P/ P 0

4

FIG. 1. Adsorption isotherms of He in the present Vycor
sample at T⫽2.40⫾0.01 K. P/ P 0 is the ratio of measured pressure
P to the saturated vapor pressure of bulk 4 He at T⫽2.40 K, P 0 .
The solid line shows the adsorption branch; the dotted line shows
desorption branch. Full filling is at 6 mmol g⫺1 . n lay indicates the
filling at which the ‘‘dead’’ 共solid兲 layers on the Vycor surface are
completed, n cc the filling at which capillary condensation filling
begins.

In this context we have made inelastic neutron-scattering
measurements of the P-R excitations of liquid 4 He in a specially prepared sample of Vycor at several temperatures near
T c and above T c . We have also made a separate superfluid
density measurement of this sample. The superfluid–normal
fluid transition temperature of this sample is found to be T c
⫽2.05 K. The present results show that there are welldefined and clearly observable P-R excitations above T c .
The excitations are observed up to T  ⫽2.17 K. Specifically,
right at T c⫽2.05 K for this sample there are clearly observable P-R modes with ⬇40% of the observed scattered intensity in the P-R mode. The weight of the P-R mode at wave
vectors Qⲏ1.5 Å⫺1 scales with T approximately with  s(T)
in bulk liquid 4 He and vanishes approximately at T  . We
have also recently reported direct measurements of the condensate fraction in the present Vycor sample.29 While these
measurements show that there is definitely a condensate in
4
He in Vycor, the critical temperature for BEC is not well
determined.
In Secs. II and III we describe the sample, the neutronscattering measurements and the model that was fitted to the
observed data, respectively. The results are presented and
discussed in Secs. IV and V, respectively.
II. EXPERIMENT
A. Sample synthesis and characterization

The Vycor sample was synthesized at Corning Glass by P.
S. Danielson using 99.95% 11B enriched B2 O3 to reduce neutron absorption arising from 10B. After cutting, the samples
were dried at 350 °C in flowing helium gas and thereafter
kept under a helium atmosphere.
We made adsorption isotherm measurements on 223 mg
of the sample used for the neutron-scattering experiment
关mass m⫽11.393(1) g and dimensions (44.2⫻10.0
⫻16.8) mm3 ] as shown in Fig. 1. The adsorption diagram is
interpreted as follows. For reduced pressure p, defined as the

0.30 0.39 1.80 1.95 2.05 2.15 2.25 2.40
0.000 0.826 0.914 0.932 0.893 0.878 0.870 0.871
n/a
n/a
0.85 0.95 0.69 0.71 0.73 0.75

ratio of measured pressure P to the saturated vapor pressure
P 0 , p⬅ P/ P 0 ⬍0.05, the helium entering the pores is tightly
bound to the Vycor surface, probably forming solid layer共s兲
on the substrate. Further helium entering the pores up to a
reduced pressure p⬇0.6 is interpreted as completing or
forming one or more layer共s兲 that remain liquid. For p
ⲏ0.6, the helium coalesces in the liquid state within the
pores yielding the so-called capillary condensation 共here between p⬇0.60 and p⬇0.85). Further adsorption is believed
to occur in larger pores. The sample used in the neutron
scattering experiment was at pressure slightly below SVP as
indicated in Table I.

B. Neutron-scattering experiment

The neutron-scattering data were taken on the IN6 timeof-flight spectrometer at the Institut Laue-Langevin,
Grenoble, France, using an incident neutron wavelength of
⫽4.62 Å. Measurements were conducted at several temperatures ranging from T⫽0.30 K to T⫽2.40 K, obtained in
a 3 He cryostat. The aluminum thermal screens of the cryostat were covered by Cd shields to lower the noise due to
reflections. The sample was held in an aluminum tube 共inner
diameter d i⫽20 mm, outer diameter d o⫽24 mm, height h
⫽65 mm) which had its upper and lower parts masked by
Cd shields. The filling of the Vycor was slightly different at
each temperature, due mainly to change of the equilibrium
pressure in the sample cell.

C. Data reduction

A summary of the temperatures investigated and the filling of the Vycor at each temperature is presented in Table I.
The scattering intensity from the empty Vycor sample plus
can was determined at T⫽0.30 K, as indicated in Table I.
This was subtracted from the intensity observed for filled
Vycor. The resulting net intensity observed at each temperature was arranged in Q bins of width 0.05 Å⫺1 in the range
0.55 Å⫺1 ⬍Q⬍2.15 Å⫺1 . Examples of the resulting net
scattering intensity, S E(Q,  ;T), at four wave vectors and
several temperatures are shown in Fig. 2. In order to compare
S(Q,  ;T) at different temperatures, we must compare scattering intensities for the same quantity of liquid 4 He at each
temperature. However, as noted in Table I, the fillings differed somewhat at different temperatures. To correct for this
small difference we normalized the function fitted to the data
to a given amount n L of liquid 4 He at each temperature.

014514-2
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FIG. 3. Sound speed variation as a function of temperature in
the present sample of Vycor filled with 4 He at SVP.

in the P-R mode, by using n L⫽n ads⫺n lay 共see Fig. 14兲 and
find that the results are largely unchanged.
D. Superfluid density measurements

The superfluid to normal fluid transition temperature, T c ,
has been measured by an ultrasonic technique.31 We used a
frequency of 7.64 MHz on a sample that was 13.0 mm long.
The transverse sound speed in the empty Vycor sample was
2320 m/s. The sample was completely filled with 4 He at
saturated vapor pressure. Results for the sound speed relative
variation, ⌬ v / v , are shown in Fig. 3. We find a transition
temperature of T c⫽2.05 K, somewhat higher than the often
quoted32 T c for 4 He in Vycor 共about 1.95 K兲. The transition
temperature in literature is found to vary from sample to
sample ranging from about 1.94 共Ref. 31兲 to 2.03 K 共Ref.
33兲.
III. MODEL AND FITTING

FIG. 2. Net scattering intensity from liquid 4 He in Vycor. Each
subpanel shows spectra at several temperatures at the indicated Q
value.
4

As discussed in Sec. II A and shown in Fig. 1, the He for
fillings up to n lay forms ‘‘dead’’ solid layers on the Vycor
surface that do not support phonon-roton modes. Similarly,
from a previous study on 4 He confined in MCM-41,30 we
found that up to a filling corresponding to the beginning of
capillary condensation, n cc in Fig. 1, the liquid layers formed
or completed on the top of the first solid layers still do not
support a three-dimensional 共3D兲 phonon-roton mode. The
well-known elementary excitation spectrum becomes measurable once the capillary condensation has started 共fillings
above n cc). At each temperature we assumed that the amount
of liquid 4 He that contributes to the phonon-roton intensity
is n L⫽n ads⫺n cc where n ads is the adsorbed amount at that
temperature. We also test this assumption later in the manuscript, when determining the fraction f S(T) of the intensity

An aim of these measurements was to test whether the
dynamic structure factor of confined helium at temperature T
can be represented as a sum of a ‘‘singular,’’ phonon-roton
excitation component, S S(Q,  ;T), weighted by a
temperature-dependent factor, f S(T), plus a ‘‘normal’’ component, S N(Q,  ):
S 共 Q,  ;T 兲 ⫽ f S共 T 兲 S S共 Q,  ;T 兲 ⫹ 关 1⫺ f S共 T 兲兴 S N共 Q,  兲 .

共1兲

The goal is to determine f S(T) and particularly the temperature at which f S(T) goes to zero.
The singular component is assumed to arise from the existence of a condensate in the liquid 共as does the superfluid
density兲. The normal component is assumed to be the
S(Q,  ) of normal liquid 4 He. In bulk normal liquid 4 He at
temperatures T⬎T  , S(Q,  ) is found to be a broad function
of  and largely independent of T. Similarly, we found the
present S(Q,  ) in Vycor to be largely independent of T for
Tⲏ2.15 K 共e.g., see Figs. 2 and 10兲. Similarly, given the
present instrument resolution (100  eV), we find that
S(Q,  ) folded with the instrument resolution changes little
with T below T⬇1 K.
The singular component is usually34,35 taken to be the sum
of a sharply peaked ‘‘single excitation’’ component

014514-3
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FIG. 4. Dynamic structure factor, S(Q,  ), of liquid 4 He in
Vycor at T⫽0.4 K. S(Q,  ) at T⫽0.39 K is represented as the sum
of single excitation and background components, S(Q,  )
⫽S 1 (Q,  )⫹S SB(Q,  ) as in Eqs. 共1兲 and 共2兲 with f S(T)⫽1. At
Q⫽1.95 Å⫺1 , an additional Gaussian component, representing the
layer mode, has been included in the fit to the data.

S 1 (Q,  ;T), plus a broad ‘‘multiple excitation’’ component,
S M(Q,  ;T). S M(Q,  ;T) contributes at energies higher than
the single excitation energy. In the present measurements, we
find that S M(Q,  ;T) at low temperature could not be distinguished from a broad ‘‘background’’ scattering intensity
which contributes at all energies 共e.g., see Fig. 4兲. Thus we
replace S M(Q,  ;T) by a broad ‘‘background’’ term
S SB(Q,  ), which was assumed to be independent of T, and
write
S S共 Q,  ;T 兲 ⫽S 1 共 Q,  ;T 兲 ⫹S SB共 Q,  兲 .

共2兲

Substituting Eq. 共2兲 into Eq. 共1兲, the function we fit to the
data can be written as

FIG. 5. Same
⭐Q⭐1.80 Å⫺1 .

as

Fig.

4,

for

Q

range

1.55 Å⫺1

S 共 Q,  ;T 兲 ⫽ f S共 T 兲 S 1 共 Q,  ;T 兲 ⫹S B共 Q,  ;T 兲 ,

共3兲

where
S B共 Q,  ;T 兲 ⫽ f S共 T 兲 S SB共 Q,  兲 ⫹ 共 1⫺ f S共 T 兲兲 S N共 Q,  兲 .

共4兲

Here, S B(Q,  ;T) is a broad function of  with temperature
dependence given entirely by f S(T).
To implement the model we assume that at T⫽0.39 K,
S(Q,  ;T)⫽S S(Q,  ;T), that is, f S(0.39)⫽1 and at T
⫽T N , S(Q,  ;T)⫽S N(Q,  ), that is, f S(T N)⫽0. Here T N is
a temperature in the normal phase at which the singular component is taken to be zero. With this assumption, we take
S N(Q,  ) as S E(Q,  ;T N), the observed net intensity at a
temperature T NⲏT  :

014514-4

PHYSICAL REVIEW B 69, 014514 共2004兲

EXCITATIONS OF LIQUID 4 He IN DISORDER AND . . .

S N共 Q,  兲 ⫽S E共 Q,  ;T N兲 .

共5兲

To test that the eventual results were independent of reasonable choice of T N , S E(Q,  ;T N) at three values of T N were
used: T N⫽2.40 K, 2.25 K, and 2.15 K. The S S(Q,  ;T) was
determined by fitting it to the observed net scattering intensity, S E(Q,  ;T), at T⫽0.39 K where f S(T)⫽1. In
S S(Q,  ;T), S 1 (Q,  ;T) was represented by the usual
damped harmonic oscillator 共DHO兲 function:
S 1 共 Q,  ;T 兲 ⫽

再

⌫ Q,T
Z Q,T 关 n B共  ,T 兲 ⫹1 兴
2

共  ⫺  Q,T 兲 2 ⫹⌫ Q,T
⫺

⌫ Q,T
2
共  ⫹  Q,T 兲 2 ⫹⌫ Q,T

冎

,

共6兲

where
n B共  ,T 兲 ⬅

1
e

␤ប

⫺1

共7兲

is the Bose function.  Q,T , ⌫ Q,T , and Z Q,T are the energy,
half width, and weight of the single phonon-roton excitation,
respectively.
As noted, the component S SB(Q,  ) was obtained by fitting to the observed broad component at T⫽0.39 K. Given
the precision of the present data and the fact that S SB(Q,  )
is small, we found that S SB(Q,  ) could also be represented
by the broad scattering data at T N in the normal phase accurately enough. To simplify the fitting procedure we therefore
used S SB(Q,  )⫽x S E(Q,  ;T N), where x is a scale factor
determined by fitting to the data at T⫽0.39 K and held independent of T.
The fitting has been conducted as follows. We first obtain
S N(Q,  ) as the observed data at T N . Next, we fitted Eq. 共2兲
关equivalent to Eq. 共1兲 with f S(T)⫽1] to the low-temperature
data in the range 0.3 meV⭐ប  ⭐2.0 meV. The four free
parameters are x,  Q,T , ⌫ Q,T , and Z Q,T and some examples
of fits are shown in Fig. 4 and Fig. 5. For Q⭓1.85 Å⫺1 , an
additional component 共fitted with a Gaussian兲 is detected in
S S(Q,  ;T). This component has been already detected in
previous studies on helium in several porous media and has
been identified as a 2D layer mode supported by the liquid
layers close to the substrate surface.
We then fit the spectra at higher temperatures keeping x
and Z Q,T as fixed quantities and setting ⌫ Q,T to the values
found in literature for bulk helium.36,37 In previous studies on
helium confined in Vycor as well as in other porous materials, ⌫ Q,T has been found to be the same as that in bulk
helium. Thus, for 0.4 K⬍T⬍T N , the free parameters are
 Q,T and f S(T).
In order to consider data with a reasonably strong singular
component S S(Q,  ;T) as compared to the S B(Q,  ) component and to avoid the Q-range where the 2D component becomes observable, we focussed the analysis on the wavevector range 1.55 Å⫺1 ⭐Q⭐1.80 Å⫺1 . Examples of fits to
data in this wave-vector range and for temperatures T
⫽1.80 K to 2.15 K are shown in Figs. 6 –9.

FIG. 6. S(Q,  ;T) of liquid 4 He in Vycor at T⫽1.80 K.
S(Q,  ;T) is represented as the sum of a single excitation component, f S(T)S 1 (Q,  ;T), plus a broad component S B(Q,  ;T) as in
Eqs. 共3兲 and 共4兲.
IV. RESULTS

The observed dynamic structure factor, S(Q,  ), of superfluid 4 He in Vycor at T⫽0.39 K is shown in Fig. 4 at four
wave vectors. A well-defined phonon-roton mode in S(Q,  )
is observed on top of a small, broad intensity. The width of
the phonon-roton mode is set by the instrument resolution
width, here ⬇100  eV. At each Q, S(Q,  ) is expressed as
the sum of a single phonon-roton component, S 1 (Q,  ), plus
a broad component, S SB(Q,  ), as in Eq. 共2兲 which is fitted
to the data. The resulting S 1 (Q,  ) and S SB(Q,  ) are shown
in Fig. 4 as dot-dashed and dotted lines, respectively. At the
roton wave vector, Q⫽1.95 Å⫺1 , a gaussian component was
also added to the fit to S(Q,  ). This represents the 2D layer
mode that propagates in the liquid layers adjacent to the
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FIG. 7. Same as Fig. 6, for T⫽1.95 K.

FIG. 8. Same as Fig. 6, for T⫽2.05 K.

Vycor walls. This mode is observed with resolvable intensity
for wave vectors near the roton Q only.
Figures 6–10 show S(Q,  ;T) of liquid 4 He in Vycor for
wave vectors 1.55 Å⫺1 ⭐Q⭐1.80 Å⫺1 and temperatures T
⫽1.80–2.40 K. In Fig. 6 we see a well-defined phononroton mode at T⫽1.80 K. The single phonon-roton component, S 1 (Q,  ;T), of S(Q,  ;T) is represented by the
dashed-dotted line in Fig. 6. The total S(Q,  ;T) is represented as S(Q,  ;T)⫽ f S(T) S 1 (Q,  ;T)⫹S B(Q,  ;T) as
given in Eqs. 共3兲 and 共4兲. As temperature increases, the
weight f S(T) in the single phonon-roton mode decreases until there is a small or absent phonon-roton mode weight in
S(Q,  ;T) at T⫽2.15 K 共see Figs. 7–9兲. An important finding is that there is clearly a phonon-roton mode at T
⫽2.05 K. At T⫽2.25 K, there is no observable phononroton mode in the data.
In the fitting of Eqs. 共3兲 and 共4兲 to the data, the phononroton energy  Q,T and the weight f S(T) are free parameters.

The resulting  Q,T are shown in Fig. 11 along with the bulk
superfluid 4 He  Q,T at low T. The  Q,T at low T in Vycor
agree well with the bulk values at low T except that the
Vycor  Q,T are somewhat lower at Q⫽1.55 Å⫺1 and somewhat higher at Q⫽1.80 Å⫺1 . This suggests that the liquid
density of liquid 4 He in Vycor at partial fillings is somewhat
lower than the bulk value.
Figure 12 shows the fraction f S(T) of the weight of
S(Q,  ;T) that lies in the single phonon-roton mode for
wave vectors 1.55 Å⫺1 ⭐Q⭐1.85 Å⫺1 at four temperatures.
Within the error of determination, f S(T) is independent of Q.
In the fitting of Eqs. 共3兲 and 共4兲 to the data to determine
f S(T), the temperature T N of the ‘‘normal’’ phase where
f S(T) must go to zero was taken as T N⫽2.40 K. At each
temperature shown in Fig. 12, the S(Q,  ;T) was normalized
by the amount of liquid in the Vycor, n L⫽n ads⫺n cc .
Figure 13 shows the average of f S(T) over the Q values
depicted in Fig. 12. f S(T) at temperatures between 1.80 K
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FIG. 10. S(Q,  ;T) of liquid 4 He in Vycor at T⬎T  . Open
symbols with error bars, T⫽2.25 K; solid line, T⫽2.40 K.

FIG. 9. Same as Fig. 6, for T⫽2.15 K.

and 2.15 K are shown. To test the sensitivity of f S(T) to the
value of T N selected in the fitting, f S(T) for three values of
T N are shown. Since f S(T) must be zero at T N , there is some
dependence of f S(T) on T N at higher temperatures T approaching T N . However, the basic finding for f S(T) is independent of T N , which is the fact that the weight f S(T) in the
single phonon-roton mode tracks  s(T) in bulk liquid 4 He
much more closely than it does  s(T) of 4 He in Vycor. The
solid line in Fig. 13 shows  s(T) for bulk liquid 4 He. The
arrow shows T c in the present sample of Vycor used to obtain
the neutron-scattering data reported here. The present sample
has a critical temperature T c⫽2.05 K where  s(T c)⫽0. Also
shown is the  s(T) observed by Chan et al.32 in independent
measurements on a different Vycor sample which has a T c of
T c⫽1.95 K. Zassenhaus and Reppy33 have recently reported
values of T c of 2.03 K for Vycor. Clearly, there is some
variation of T c from sample to sample of Vycor. However,

the T c of the present Vycor sample for which f S(T) is reported is T c⫽2.05 K.
From Fig. 13, we see that at T⫽2.05 K where  s(T)⫽0
for the present sample, there is still a well-defined phononroton excitation. Indeed at T⫽2.05 K nearly 40% of the intensity in S(Q,  ;T) is in the phonon-roton mode 关 f S(T)
⬇0.4兴 . There appears to be a phonon-roton mode in Vycor at
temperatures up to T⬇T  ⫽2.17 K. The existence of a
phonon-roton mode up to T⬇T  in Vycor suggests that there
is a condensate in liquid 4 He in Vycor above T c , up to a
temperature T⬇T  .
Finally, to test the sensitivity of f S(T) to the normalization of the total S(Q,  ;T), we chose the normalizing liquid
volume as n L⫽n ads⫺n lay rather than n L⫽n ads⫺n cc . The values of f S(T) obtained using n L⫽n ads⫺n lay are shown in Fig.
14. Comparing Figs. 13 and 14, we see that f S(T) is not very
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FIG. 11. Excitation energy  Q,T in the Q range of interest for
several temperatures; solid line indicates bulk values for low temperature. Results for T⫽2.05 K show typical magnitude of error.

sensitive to the choice of n L and the basic finding that there
are well-defined phonon-rotons at higher temperatures T
above T c in Vycor is unchanged.
V. DISCUSSION AND INTERPRETATION

The data presented here shows that liquid 4 He in Vycor
supports a single phonon-roton 共P-R兲 excitation at temperatures above T c⫽2.05 K for wave vectors Q⬎1 Å⫺1 . For
example, a single P-R peak is observed in S(Q,  ;T) for
1.55⭐Q⭐1.8 Å⫺1 and T⫽ 2.05 K as shown in Fig. 8.
Since liquid 4 He supports an observable P-R mode at higher
Q because there is a condensate, this finding suggests that
there is a condensate in liquid 4 He in Vycor above T c . This
condensate is probably localized to favorable regions in the
Vycor at temperatures above T c . Neutron scattering is a local
probe and can observe excitations supported in these islands
of BEC. These islands of BEC are probably surrounded by
regions of normal liquid.
To characterize the weight of the P-R mode in S(Q,  ;T),
we fitted Eq. 共3兲 to the observed S(Q,  ;T). In Eq. 共3兲,
S 1 (Q,  ;T) is the single P-R component. It is represented by
a peaked function 共a DHO function兲. The DHO has a
temperature-dependent energy  Q,T and half width ⌫ Q,T but
its weight Z Q,T is held independent of T. Thus the weight of
S 1 (Q,  ;T) in S(Q,  ;T) as a function of temperature is

FIG. 12. Results for the fitting parameter f S(T) when T N
⫽2.40 K. Circles, T⫽1.80 K; squares, T⫽1.95 K; upward triangles, T⫽2.05 K; and downward triangles, T⫽2.15 K.

FIG. 13. Fitting parameter f S(T) obtained as an average over
the f S(T) for the Q values shown in Fig. 12 for fitting schemes
described in the text 共using n L⫽n ads⫺n cc and several T N). The
solid and dotted lines show the superfluid fraction for bulk superfluid 4 He 共Refs. 39, 38兲 and for 4 He confined in Vycor 共Ref. 32兲,
respectively. The arrow shows the superfluid to normal fluid transition temperature, T c , for the present Vycor sample 共see Sec. II D兲.

carried entirely by f S(T). S B(Q,  ;T) is a temperature dependent, broad function of  defined above in Eq. 共4兲 which
represents the broad components of S(Q,  ;T). Fits of Eq.
共3兲 to the data yield the weights f S(T) of S 1 (Q,  ;T) in
S(Q,  ;T) shown in Figs. 13 and 14. These figures show that
f S(T) goes to zero at ⬇T  ⫽2.17 K rather than at T c
⫽2.05 K. Indeed f S(T) scales with T approximately as
 s(T) in bulk liquid 4 He. Since, as noted above, an observable P-R mode at higher Q arises because there is a condensate, this scaling is interpreted as showing that there is a
condensate in Vycor above T c and up to ⬇T  . Certainly,
f S(T) in Vycor does not scale as  s(T) in Vycor. In bulk
liquid 4 He, the f S(T) is generally found to scale approximately as  s(T) for the bulk as well and all the indications
are that the condensate fraction n 0 (T) and  s(T) in bulk
liquid 4 He go to zero at the same temperature T  .
Other fitting procedures are possible. The chief difference
between the present and other procedures is the choice of the
‘‘broad’’ function S B(Q,  ;T). Provided the DHO and
S B(Q,  ;T) are sufficiently different, the same general dependence of f S(T) on temperature would be obtained in
other procedures as found here.
The above findings are interpreted as follows. Liquid 4 He

FIG. 14. Same as Fig. 13, for fitting schemes described in the
text 共using n L⫽n ads⫺n lay and several T N).
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in Vycor above T  is interpreted as a completely normal fluid
共no BEC, no superflow兲. As in bulk liquid 4 He, S(Q,  ;T)
for Q⭓1 Å⫺1 in Vycor above T  is a broad, featureless
function of  which changes little with further increase in T.
As T is lowered through T  , BEC begins to take place in
favorable regions in the Vycor 共e.g., in the larger pore volumes兲. For temperatures T, T c⭐T⭐T  , the regions supporting a condensate are separated by regions of normal fluid.
The normal regions will be in the smaller pores, in irregular
regions or in pores containing debris. The islands of BEC
probably have length scales of order 30–50 Å. At least they
must be large enough to support an excitation of wave length
of ⬇10 Å. There will be phase coherence within the islands
of BEC. As T is lowered further below T  , the dimensions
of the regions of BEC increase until at T c the islands coalesce. At T c there is phase coherence across the whole
sample and superflow across the whole sample can be observed as in a torsional oscillator experiment or as in a measurement of sound velocity across the whole sample as made
here to determine T c .
Models of BEC and superfluidity in disorder and of superconductivity in disorder suggest the above picture. Huang
and Meng3 examine both BEC and superfluidity in a Bose
gas in disorder. For white-noise disorder introduced by point

impurities randomly distributed in the gas, they and
others6,8,9,40 find that the superfluid density is suppressed
more by disorder than is the condensate fraction. In an important paper, Astrakharchik, Boronat, Casulleras, and
Giorgini8 extend these results to liquid densities and strong
disorder using Monte Carlo methods. They find that the superfluid density can be driven to zero by the disorder while
the condensate fraction can remain finite. For a Bose gas in
disorder, Lopatin and Vinokur9 propose that there are regions
in temperature where there is BEC but no superfluidity. Similarly there are models of superconductivity in high-T c materials 共disordered materials兲 which display regions of superconductivity separated by normal regions.18 These are
regions of finite-energy gap separated by regions of zero energy gap. The above picture also has analogies with
Josephson-junction arrays.23,24
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