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Localized Bose-Einstein condensation in disordered liquid 4He films
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We present neutron scattering measurements of the phonon-roton and layer modes of liquid helium films
adsorbed in 25-Å pore diameter gelsil as a function of temperature. The goal is to determine whether the
well-defined phonon-roton and layer modes observed at low temperature at partial fillings of the porous media
persist as well-defined modes at higher temperatures above the superfluid phase, as is the case of fully filled pores
(3D liquid). We find that well defined P-R modes exist in films at temperatures well above the superfluid phase.
This is the case at all fillings investigated. Liquid 4He in porous media is an example of a Bose liquid in disorder.
The existence of P-R modes above Tc suggests the existence of patches or islands of Bose condensed liquid that
have order [localized Bose-Einstein condensation (LBEC)] above Tc. The interpretation is that the well-defined
P-R modes propagate in the patches of BEC. Gelsil partially filled with liquid helium shows the same LBEC
behavior as found previously in fully filled gelsil (as in a 3D liquid).
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I. INTRODUCTION

Liquid 4He confined in porous media is an example
of Bosons in disorder. It is also a Bose liquid confined
to nanoscales. The superfluid density, ρS , and the critical
temperature, Tc, for superflow of this dense Bose liquid have
been extensively investigated in several porous media [1–3];
in aerogels, Vycor, Xerogel, gelsils [4], and FSM [5–9], for
example. The confinement to nanoscales and the disorder
reduces Tc below the bulk value, Tλ. The smaller the pore
diameter, the further Tc is reduced below Tλ. For example,
at saturated vapor pressure (SVP) where Tλ = 2.17 K, Tc =
1.95–2.05 K in 70-Å mean pore diameter (MPD) Vycor
[10–12] and 0.7–1.4 K in 25-Å MPD gelsil [4,13].

The temperature dependence of ρS below Tc also differs
from that in the bulk. For example, in porous media, the critical
exponent γ , governing the superfluid density immediately
below Tc, ρS/ρ = (1 − T/Tc)γ , generally differs [2,10,14]
from the bulk value γ = 0.67. At intermediate temperature,
the ρS(T )/ρ is well described by the Landau theory in
terms of excitation of the layer modes that exist in porous
media [15,16] rather than the phonon-roton mode as in the
bulk. Recent interest has moved to smaller pore media and to
measurements [4,7,8,13] of ρS under pressure to determine the
superfluid phase diagram and ρS as a function of pressure and
temperature.

The excitations of liquid 4He in several media have been
investigated. Observed is the phonon roton (P-R) mode, as in
bulk liquid 4He, and a layer mode, a density mode (or modes)
that propogates in the liquid adjacent to the porous media walls.
Specifically, the layer mode propagates in the 2–5 liquid layers
that lie on the amorphous solid layers of 4He on the walls.
The goal is to characterize these modes and relate them to
the superfluid and thermodynamic properties of liquid 4He. In
fully filled porous media at SVP, the P-R mode energy is the
same as in the bulk liquid within precision, both at low T and
as a function of T in all porous media investigated [12,17–22].
To date, the layer mode is observed [12,17,18,20–27] at wave

vectors 1.7 Å
−1

< Q < 2.3 Å
−1

only, denoted the roton
region. At these wave vectors, the layer mode energy, ωL,
has a rotonlike dispersion with an energy minimum near

Q = 2.1 Å
−1

. At this minimum, the mode is denoted the “layer
roton” and has an energy �L that lies 0.2–0.3 meV below
the bulk roton minimum, � = 0.742 ± 0.001 meV. For this
reason, the superfluid density at intermediate temperatures [15]
and the specific heat [21,28] in porous media are governed
by exciting the lower energy layer mode (rather than the
P-R mode).

In bulk liquid 4He, well-defined P-R modes at higher wave

vectors (Q � 0.7 Å
−1

) exist only in the superfluid phase
[29–33] where there is Bose-Einstein condensation [34]
(BEC). In contrast, in porous media, well-defined
modes are observed at temperatures above the superfluid
phase [12,16,20,26]. For example, at SVP in Vycor [12,16]
and in 25-Å and 44-Å MPD gelsil [20,26], well-defined modes
were observed at temperatures above Tc and up to close to
Tλ. The temperature at which P-R modes are last observed is
denoted TPR. Since well-defined P-R modes at higher wave
vectors are expected to exist only where there is BEC, this
suggests that TPR coincides with TBEC, the onset temperature
of BEC. Indeed, there are sound theoretical arguments [35–39]
going back to Bogoliubov [35] that sharply-defined P-R modes
are expected when there is BEC, but not otherwise. This
suggests that there is BEC at temperatures above Tc in porous
media, up to TBEC = TPR � Tλ.

Under pressure, Tc is further reduced [4,19] and, remark-
ably, Tc is observed to go to zero at p = 34 bar in 25-Å MPD
gelsil [4]. This suggests a quantum phase transition (QPT) from
the superfluid to the normal liquid phase at p = 34 bar [4]. In
contrast, at 34 bar, well-defined P-R modes are observed up
to TPR = 1.5 K, e.g., TBEC � 1.5 K, in 25-, 34-, and 44-Å
gelsil [19,27,40] and in 47-Å MCM-41 [21,27]. In 28-Å
FSM, Taniguchi et al. [8] show that Tc decreases rapidly
with increasing pressure indicating that Tc will go to zero at
approximately 20 bar before the liquid solidifies. TBEC = TPR
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apparently lies well above Tc so that TBEC is much less sensitive
to pore size and structure than is Tc.

The temperature range Tc < T < TBEC is interpreted as a
region in which there is BEC localized (LBEC) to patches
or islands separated by a normal liquid [12,16,20,26,28].
The phase of the BEC in each island is independent and
unconnected so that there is no continuous, connected phase
coherence across the sample as needed for superflow. However,
the islands are large enough (e.g., 15–20-Å diameter) to
support well-defined P-R modes that are observed by neutrons.

Superfluidity in films on surfaces and on the walls of porous
media has similarly been extensively investigated [41–48]. At
low temperature, a threshold coverage is needed before super-
fluidity is observed. In a wide variety of media, the threshold
coverage [48] is n0 = 26 μmol/m2. The interpretation is that
up to the threshold n0, the helium is deposited in inert layers on
the media walls. These are amorphous solid and bound liquid
layers with boson localization induced by the rough media
walls. For higher coverages n > n0, the additional helium is
deposited as liquid that supports superflow. Also for n > n0,
Tc increases linearly with coverage with Tc proportional to
n − n0. At low values of n − n0, there is a small deviation from
linearity seen universally on all surfaces [48] that suggests
universal “boson localization” in the inert layers. Eventually,
at full filling, Tc reaches the 3D values discussed above.

The goal of this paper is to present parallel measurements of
the P-R modes at partial fillings. The temperature dependence
of P-R modes in films has not as yet been reported. Particularly,
we seek the highest temperature TPR at which the P-R mode is
observed. Taking TPR as the onset temperature of BEC, we can
compare TBEC = TPR with Tc and determine whether there is a
LBEC phase at partial fillings (in reduced dimension) as there
is at full filling. We can also compare the threshold filling for
superflow, n0, with the filling at which P-R are first observed.
We choose the porous medium 25-Å MPD gelsil because the
superfluid phase and Tc have been measured [4] as a function
of filling from n = 0 to full filling and because Tc lies well
below Tλ.

II. EXPERIMENT

A. Gelsil porous medium

The 25-Å mean pore diameter (MPD) gelsil was kindly
provided by Keiya Shirahama. It is from the same batch of
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 [4,49,50] and as used by us in previous
measurements [27,40]. It was fabricated by 4F International
Co. using a sol-gel technique and characterized by them using
N2 adsorption-desorption isotherms at 76 K. The isotherms
were analyzed using the standard Barrett, Joyner, and Halenda
(BJH) model [51], which indicated the MPD quoted with a
broad, approximately Gaussian distribution of pore diameters
of half width at half maximum of 20 Å (see Ref. [40]). The
gelsil had a pore volume of 0.376 cm3/g and surface area of
586 m2/g as determined similarly by 4F International from N2

isotherms. Prior to the neutron scattering measurements, the
sample was cleaned by heating it at 100 ◦C under vacuum for
10 hours as done in previous measurements [26,27].

B. Neutron scattering experiment

The gelsil sample consisted of two monolithic 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. The two cylinders
had a total mass of 2.93 g and volume of 2.16 cm3. With a pore
volume of 0.376 cm3/g, the sample had a total pore volume of
1.11 cm3 (a porosity of 51%).

The two cylinders were placed one on top of the other in the
cylindrical Al sample cell as shown in Fig. 2 of Ref. [40]. The
internal diameter of the sample cell was 10.2 mm. The top and
bottom of the cell, above and below the cylinders, respectively,
was shielded from the neutron beam by Cd rings. The cell was
cooled with a 3He fridge. Helium in the gelsil condenses first
as inert layers on the pore walls. Liquid that supports modes
begins to condense at a filling of approximately 73% in 25-Å
MPD gelsil [26].

The neutron scattering experiment was performed on the
time of flight spectrometer IN6 at the Institut Laue-Langevin,
Grenoble, France. An incident neutron wavelength of 4.14 Å
was used, which provided a spectrometer energy resolution of
0.16 meV at the elastic line (ω = 0).

C. Adsorption isotherm

Prior to the neutron experiment, a helium adsorption
isotherm measurement was conducted. All the experimental
conditions of the isotherm were the same as those for the
neutron experiment. The same filling capillary, sample cell,
and pressure gauge were used. The isotherm, which was
conducted at T = 1.90 K, is shown in Fig. 1. At T = 1.90 K
the saturated vapor pressure (SVP) of bulk liquid 4He is
PSat = 24.3 mbars.

D. The model S( Q,ω)

To analyze the data and identify the P-R and layer (L)
modes, particularly their dependence on filling and temper-
ature, we require a model of the dynamical structure factor
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FIG. 1. (Color online) Absorption isotherm of helium in the
present 25-Å mean pore diameter (MPD) gelsil. Shown is the amount
of 4He adsorbed vs the vapor pressure P of helium above the gelsil.
PSat is the saturated vapor pressure of bulk helium at 1.9 K. When
P = PSat, the gelsil is full and bulk liquid can form.
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(DSF), S(Q,ω). The present model consists of a P-R mode, a
layer (L) mode and a normal liquid (N) component. The model
was fitted to the net scattering intensity from the 4He in the
porous media. The weights in each component are determined
by fits to data as a function of filling and temperature.

To begin, we measured the scattering intensity at a filling of
28% at T = 0.4 K. This was taken as a background SB(Q,ω)
arising from scattering from the inert layers of 4He on the gelsil
walls at this specific filling. In S(Q,ω) at higher fillings, we
also included an additional broad component, SA(Q,ω), which
arises from scattering from additional inert layers as filling
is increased. It may also include some multiple scattering at
higher fillings. The additional intensity, SA(Q,ω) is small and
completely negligible compared to the P-R mode at Q � 2 Å
(see Fig. 7). In addition, SA(Q,ω) contributes at higher energy,
at energies above the P-R mode. At lower Q where SA(Q,ω) is
not negligible, it can be readily separated from the P-R mode.

Specifically, we write the DSF as

S (Q,ω) = SPR (Q,ω) + SL (Q,ω) + SN (Q,ω)

+ [SB (Q,ω) + SA (Q,ω)], (1)

SPR(Q,ω), SL(Q,ω), and SN (Q,ω) are the P-R mode, the
layer mode, and the normal liquid components, respectively.
SB(Q,ω) is independent of filling and temperature. SA(Q,ω)
increases somewhat with filling but is held independent of tem-
perature. SPR(Q,ω), SL(Q,ω), and SN (Q,ω) are determined
from fits to the remaining net S(Q,ω).

1. The dynamic structure factors

The P-R mode DSF is represented by a damped harmonic
oscillator (DHO) function,

SPR (Q,ω) = (1/2π )[nB(ω) + 1]AD(ZQ,ωQ,�Q), (2)

where nB(ω) = [exp(�ω/kBT ) − 1]−1 is the Bose function
and AD(Q,ω) is the DHO spectral function [30,52,53]

AD(ZQ,ωQ,�Q)

= ZQ

[
2�Q

(ω − ωQ)2 + �2
Q

− 2�Q

(ω + ωQ)2 + �2
Q

]
,

= ZQ

{
8ωωQ�Q(

ω2 − [
ω2

Q + �2
Q

])2 + 4ω2�2
Q

}
. (3)

The corresponding imaginary part of the dynamical suscepti-
bility is χ ′′

D(Q,ω) = −2AD(Q,ω). The fitting parameters are
ωQ, �Q, and ZQ, the P-R mode frequency, half-width, and
intensity, respectively.

The normal liquid DSF is also represented by a DHO
function,

SN (Q,ω) = (1/2π )[nB(ω) + 1]AD (ZN,ωN,�N ) , (4)

with ZN , ωN , and �N as fitting parameters. Since SN (Q,ω)
is a broad function, the �N and ωN have no meaning as a
mode energy and half width. The DHO is simply a convenient
function that provides a good fit to the data at high temperature.

The layer mode SL(Q,ω) is represented by a Gaussian (G)
function,

SL (Q,ω) = [nB(ω) + 1]AG (ZL,ωL,σL) , (5)

AG (ZL,ωL,σ ) = ZL

[
1(

2πσ 2
L

)1/2

]
exp − (ω − ωL)2

2σ 2
L

. (6)

In SL(Q,ω), the fitting parameters are ZL, ωL, and σL. The
mode width (FWHM) is related to σL by 2�L = 2σL(2 ln 2)1/2

or σL = (2�L)/2(2 ln 2)1/2. The layer mode may be a single
mode or a sum of modes and ωL, and 2�L represent the center
of intensity and the width of the mode or modes, respectively.

2. Low temperature

At low temperature where there is little or no normal liquid,
we assume SN (Q,ω) = 0. The model then reduces to

S (Q,ω) = SPR (Q,ω) +SL (Q,ω) + [SB (Q,ω) + SA (Q,ω)].

(7)

Given SB(Q,ω), the parameters in SPR(Q,ω) and SL(Q,ω) and
the function SA(Q,ω) are determined by fits to the net data at
the lowest temperature, T = 0.4 K.

3. High temperature

As temperature is increased, the intensity in SPR(Q,ω)
and SL(Q,ω) decreases. At the highest temperature (e.g.,
T = 2.2 K), SPR(Q,ω) and SL(Q,ω) are negligible and the
model reduces to

S (Q,ω) = SN (Q,ω) + [SB (Q,ω) + SA (Q,ω)]. (8)

SB(Q,ω) and SA(Q,ω) are held independent of temperature.
The parameters in SN (Q,ω) were initially determined by fits
to the highest-temperature data where SN (Q,ω) is dominant
and the parameters in SN (Q,ω) can be well determined. These
parameters were then used as a guide but only a guide to fits
at lower temperature where SN (Q,ω) is smaller.

4. Intermediate temperature

At intermediate temperature, the full model (1) is used. As
temperature increases, the weights ZQ and ZL in SPR(Q,ω) and
SL(Q,ω) decrease and that in SN (Q,ω) increases. As a first
approximation, the energy and width parameters in SPR(Q,ω),
SL(Q,ω), and SN (Q,ω) were assumed to be independent of
temperature and only the weights in the modes adjusted to
obtain a fit at intermediate temperatures. Subsequently, the en-
ergy and width parameters were adjusted to obtain the final fits.

5. The static structure factor S( Q)

The S(Q) corresponding to each component of S(Q,ω) is

SPR (Q) =
∫ ∞

−∞
dωSPR (Q,ω) , (9)

SN (Q) =
∫ ∞

−∞
dωSN (Q,ω) , (10)

SL (Q) =
∫ ∞

−∞
dωSL (Q,ω) . (11)
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The total S(Q) is

S (Q) = SPR(Q) + SL(Q) + SN (Q). (12)

At low temperature where 2�Q is small and �ωQ/kBT � 1,
the static structure factor for the P-R mode given by Eqs. (2)
and (3) is well approximated by

SPR(Q) = ZQ

[
2

π
tan−1

(
ωQ

�Q

)]
. (13)

In the limit �Q → 0, SPR(Q) = ZQ. The S(Q) were used as
the measure of intensity in the modes.

III. RESULTS

A. Observed data

Figure 2 shows the net scattering intensity S(Q,ω) at four
fillings of gelsil versus wave vector Q and energy ω transfer.

There is strong elastic scattering (ω = 0) at Q = 2 Å
−1

at all
four fillings. This is presumably from the amorphous solid
layers in the films, the layers that are bound to the gelsil
walls.

Plantevin et al. [26] have shown that inelastic scattering
from the P-R and layer modes of liquid 4He in gelsil is first

observed at a filling of about 73%. At higher fillings, the
intensity in the modes increases approximately linearly with
filling [26]. In Fig. 2, the fillings are 86% (1) to 97% (4). At
filling 1, the inelastic intensity at ω > 0 is highest at Q �
2.0–2.5 Å

−1
. For a P-R mode that is reasonably well defined

in ω and centered at an energy ωQ, we expect an inelastic
scattering intensity proportional to (�Q2/2m)/ωQ, from the
f -sum rule. This Q dependence is largely observed in Fig. 2.
The intensity clearly increases with increasing filling. At filling

1, the P-R mode energy, ωQ, at Q � 1.1 Å
−1

(the maxon
region) lies well below the bulk value given by the black line.
At partial fillings and in films on surfaces, an ωQ in the maxon
region that lies below the bulk value is universally observed.
As filling increases, the ωQ moves toward the bulk value as
seen at filling 4. At full filling, the P-R mode energy at all Q

in all porous media investigated to date is the same as the bulk
value at saturated vapor pressure (SVP).

In Fig. 2 at wave vectors Q � 1.9 Å
−1

, i.e., the roton region,
there is significant inelastic intensity at low energies below
the P-R mode as well as in the P-R mode. This is scattering
intensity from the layer mode (or modes). The layer mode is
observed at wave vectors in the roton region only. The P-R and

FIG. 2. (Color online) The dynamical structure factor (DSF), S(Q,ω), of liquid 4He in 25-Å MPD gelsil as a function of filling. The fillings
are 1 = 86% full, 2 = 89%, 3 = 91%, and 4 = 97% full. The solid black line is the phonon-roton (P-R) mode energy in bulk liquid 4He at

saturated vapor pressure (SVP). A P-R mode is observed at filling 1 with energy that lies below the bulk value in the maxon region Q � 1.1 Å
−1

.

The P-R mode energy moves to the bulk value as filling increases. Intensity in S(Q,ω) at higher wave vectors, 1.5 < Q < 2.4 Å
−1

, and low
energy, ω, is also observed, which arises from modes propagating in the liquid adjacent to the pore walls, denoted layer modes.
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FIG. 3. (Color online) The DSF S(Q,ω) at wave vectors Q = 1.3

and 1.7 Å
−1

in films of liquid 4He in 25-Å MPD gelsil at increasing
filling, from filling 1 (F = 86% full) to filling 4 (F = 97%).

layer mode clearly co-exist in the first few liquid layers closest
to the medium walls.

Figures 3 and 4 show the observed net S(Q,ω) versus ω at
four specific Q values as a function of filling. At all Q, there is
a broad contribution to S(Q,ω) that extends to high energy ω,
which increases little with increasing filling. This is interpreted
as inelastic scattering chiefly from the amorphous solid (inert)
layers that are on the media walls at fillings F � 70%. At Q =
1.3 Å

−1
, where the scattering is weak, there is a reasonably

symmetric intensity which increases with increasing filling,

which is interpreted as the P-R mode. At Q = 2.1 Å
−1

, the
asymmetric intensity is interpreted as the sum of the P-R mode,
which peaks at ω = 0.75 meV and a broad layer mode centered
at ω � 0.60 meV.

Figure 5 shows the net S(Q,ω) at Q = 1.9 Å
−1

at fillings
F = 86% and F = 97% as a function of temperature. In Fig. 5,
we see broad scattering extending to higher ω that is largely
independent of temperature. In contrast, the intensity in the
P-R mode decreases with increasing temperature and there
is no identifiable P-R mode at temperatures T � 1.9 K. At
T = 2.0 K, there is broad intensity peaked at ω � 0.60 meV
that extends through the elastic region (ω = 0) to negative
energies. This is interpreted as scattering from the normal
liquid, as observed in bulk liquid 4He [29,30,32,54]. Since the

FIG. 4. (Color online) As Fig. 3 for Q = 1.9 and 2.1 Å
−1

.

layer mode (s) is also centered at ω � 0.60 meV, it is difficult
to distinguish the layer mode from the normal liquid response
at higher temperatures. It is thus difficult to determine the
temperature dependence of the layer mode. Below we make
model fits to the data.

B. Model fits to data

To identify the contributions to the total dynamic structure
factors (DSF), S(Q,ω), we make fits of the model introduced
in Sec. II to the data. The goal is particularly to determine
the filling and temperature dependence of the P-R and layer
modes.

1. Low temperature and filling dependence

At low temperature where the DSF of the normal compo-
nent is negligible, the model S(Q,ω) in Eq. (1) reduces to
Eq. (7). SPR(Q,ω) and SL(Q,ω) arising from P-R and layer
modes, respectively, dominate S(Q,ω) in Eq. (7). SB(Q,ω)
is the observed DSF at a filling of 28% and represents
scattering from the amorphous solid layers. SA(Q,ω) is a small
additional scattering from (a) the solid layers and (b) possible
multiple scattering or multi-P-R scattering at higher fillings.
SA(Q,ω) is very small and contributes only at higher energy
(ω � 2 meV).

Figure 6 shows examples of fits to data at T = 0.4 K and

Q = 1.30 Å
−1

. At Q = 1.30 Å
−1

, there is no layer mode.
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FIG. 5. (Color online) The temperature dependence of the DSF,
S(Q,ω), at Q = 1.9 Å of liquid 4He in gelsil at filling 1 (F = 86%)
and filling 4 (F = 97%).

The remaining SPR(Q,ω) is represented by the DHO function
in Eq. (3) with ZQ, �Q, and ωQ as fitting parameters. At filling
1, the P-R mode is broad. At filling 4 (F = 97%), the P-R
mode has developed into a sharp, well-defined mode. There
is also multiple scattering, an inelastic scattering from the
intense roton at Q = 1.9 Å plus an elastic scattering from the
gelsil, which modifies Q so that roton is observed at Q =
1.3 Å (as well as at other Q values). In Fig. 6, only the total
S(Q,ω) given by the black solid line is convoluted with the
IN6 instrument energy resolution function. A comparison of
the convoluted total S(Q,ω) and the unconvoluted P-R mode
shows that the observed P-R width at filling 4 arises chiefly
from the instrument resolution.

Figure 7 shows similar fits of S(Q,ω) in Eq. (7) to data at

Q = 1.90 Å
−1

and T = 0.4 K. The intensity scale in Figs. 6

and 7 is the same. At Q = 1.90 Å
−1

, there is a P-R and a layer
mode with SL(Q,ω) represented by Eq. (5). The intensity in
the P-R mode increases significantly more rapidly with filling
than does that of the layer mode. Again, only the total S(Q,ω)
given by the black line is convoluted with IN6 instrument
energy resolution function. To illustrate the filling dependence
of the P-R and layer modes more directly, we show SPR(Q,ω)

FIG. 6. (Color online) Observed S(Q,ω) (solid points) at Q =
1.3 Å

−1
and T = 0.4 K with fits to data: upper frame is filling 1

(F = 86%) and the lower frame is filling 4 (F = 97%). The model
S(Q,ω) is given by Eq. (1). It includes a background contribution
(green long-short dashed line), denoted SB (Q,ω) in Eq. (1), which
is the observed intensity at filling F � 28% arising from the inert
layers. The fitted components are the phonon-roton mode (red line)
and some small additional intensity (Add. Int.) that contributes at
higher energy needed to get a good fit at higher energy (brown short
dashed line). They are denoted SPR(Q,ω) and SA(Q,ω) in Eq. (1),
respectively. The total fitted S(Q,ω) (black line) is shown convoluted
with the instrument resolution of 160 μeV. The P-R mode (red line)
is not convoluted.

and SL(Q,ω) for four fillings in Fig. 8 with the background
SB(Q,ω) and SA(Q,ω) components omitted for clarity.

There are several ways to characterize the intensity in
S(Q,ω). The most reliable is simply the intensity integrated
over ω, the static structure factor. These are given by
Eqs. (9), (11), and (10) for each component of S(Q,ω).
The S(Q) were calculated analytically where possible and
numerically otherwise. Figure 9 shows SPR(Q) versus filling at
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FIG. 7. (Color online) As Fig. 6 at Q = 1.9 Å
−1

where a layer
mode (solid blue line) as well as a P-R mode is observed. The intensity
scale in Figs. 6 and 7 is the same.

Q = 1.30 Å
−1

with a dotted line as a guide to the eye. Figure 10

shows SPR(Q) and SL(Q) versus filling at Q = 1.90 Å
−1

. In
Fig. 10, the dashed red line is the filling dependence of the
intensity in the P-R mode observed by Plantevin et al. [26]
with one overall magnitude adjustment. The same magnitude
adjustment was used for the layer mode intensity (blue dashed
line). Comparison of dashed blue line with the present blue
points shows that the intensity in the layer mode relative to the
P-R mode observed by Plantevin et al. is greater than observed
in the present measurements. The reason for this is not clear.

2. Temperature dependence

In this section, we fit the model S(Q,ω) given by Eq. (1)
to data as a function of temperature. A specific goal is to
determine the temperature, TPR, at which the P-R mode is
no longer observed. In Eq. (1), SPR(Q,ω), SL(Q)ω, and the

FIG. 8. (Color online) The observed S(Q,ω) (points) and the
fitted phonon-roton (red line) and layer mode (blue line) components
of S(Q,ω) vs filling. The increase in intensity in the P-R mode with
filling can be readily seen. The background and additional intensity
contributions to S(Q,ω) have been deleted for clarity.

normal liquid component, SN (Q,ω) depend on temperature.
In fits to data, the background and small additional intensity
components were held independent of temperature at their
T = 0.4 K values.

Figure 11 shows fits at Q = 1.90 Å
−1

to data for filling 1 at
three temperatures. Comparing the top frame of Fig. 11 (T =
1.3 K) with the top frame of Fig. 7 (T = 0.4 K), we see that the
intensity in the P-R mode has already decreased significantly
between T = 0.4 and 1.3 K. Also at T = 1.3 K, there is already
significant intensity in the normal liquid component. At T =
1.5 K, the intensity in the P-R mode has decreased further and
that in SN (Q,ω) has increased. A small P-R mode is observed

FIG. 9. (Color online) The integrated intensity, SPR(Q), in the

phonon-roton (P-R) mode at Q = 1.3 Å
−1

and T = 0.4 K vs filling
(red points). The dotted line is a guide to the eye. In a previous
measurement [26], the intensity in the P-R mode was first observed
at filling F = 73%.
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FIG. 10. (Color online) As Fig. 9 at Q = 1.9 Å
−1

. The red points
and blue points are the integrated intensity in the P-R and layer
modes, respectively. The dashed red and dashed blue lines are the
intensity in the P-R and layer modes, respectively, observed by
Plantevin et al. [26], shown with one overall magnitude adjustment.
The intensity in the layer mode observed here is smaller (relative to
that of the roton) than observed by Plantevin et al.

at T = 1.7 K (not shown). At T = 1.9 K, there is no P-R mode
and a best fit is obtained keeping only the normal component.

Figure 12 shows a similar fit to data for filling 4 as a function
of temperature. The intensity in the P-R mode decreases with
temperature with only modest mode broadening. At filling
4, a P-R mode is observed up to 1.9 K. At T = 2.0, 2.2, and
2.4 K, the observed intensity can be well reproduced including
only SN (Q,ω) (plus the temperature independent [SB(Q,ω) +
SA(Q,ω)]) as shown in Fig. 12 at 2.2 K.

The static structure factors, SPR(Q), SN (Q), and SL(Q)
defined in Eqs. (9), (10), and (11), respectively, and calculated
from the corresponding SPR(Q,ω), SN (Q,ω), and SL(Q,ω) are
shown in Fig. 13 as a function of temperature. They represent
the integrated intensity in each component as a function of
temperature. In Fig. 13, we see that the integrated intensity
in the P-R mode goes to zero at 1.75 ± 0.05 K at filling 1
and 1.90 ± 0.05 K at filling 4. Any intensity remaining in the
layer mode at T � 1.8 K could not be separated from the
much more intense SN (Q,ω). It is satisfying that total S(Q)
is approximately independent of temperature as is observed
in bulk liquid 4He. The temperature dependence of the total
S(Q,ω) in filling 4 is shown as a 3D color plot in Fig. 14.

C. Phase diagram

The superfluid phase of films of liquid 4He in 25 Å
MPD gelsil observed by Yamamoto et al. [4] is reproduced
in Fig. 15. Shown is the superfluid phase as a function of
filling and temperature. The threshold filling for the onset
of superflow at T = 0 K in Fig. 15 is n0 = 20 μmol/m2.
This value is somewhat less than the value n0 = 26 μmol/m2

observed [48] in several larger pore porous media. The gelsil
used by Yamamoto et al. was fully filled at 33 μmol/m2,
shown as the dashed line in Fig. 15. The critical temperature

FIG. 11. (Color online) The temperature dependence of S(Q,ω)

at Q = 1.9 Å
−1

at filling 1 (F = 86%). Shown is S(Q,ω) at T = 1.3,
1.5, and 1.9 K. The solid dots are the data and the red and blue lines
are the fitted phonon-roton and layer mode components, respectively.
The normal liquid response is shown as a dashed blue line. The
background and additional intensity components are held constant at
their T = 0.4 K values independent of temperature. The intensity in
the P-R mode decreases with temperature and vanishes by T = 1.9 K.
At T = 1.9 K, only a normal liquid component, SN (Q,ω) can be
identified. At 1.9 K, there may be a layer mode but it cannot be
separated from the SN (Q,ω).
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FIG. 12. (Color online) As Fig. 11 for filling 4 (F = 97%) at four
temperatures.

for superflow at full filling is Tc = 1.45 K. The temperatures,
TPR, at which the intensity in the P-R mode goes to zero is
interpreted as the temperature TBEC at which BEC goes to zero.

FIG. 13. (Color online) The integrated intensity S(Q) at Q =
1.90 Å

−1
in the P-R mode (red line), in the layer mode (blue line) and

in the normal liquid response (dashed line) vs temperature for filling
1 (F = 86%) and filling 4 (F = 97%). The error bar shown on one P-R
S(Q) represents the error on all P-R S(Q) and similarly for the other
components. The total integrated intensity, S(Q), (black squares),
the sum of the three components, is approximately independent of
temperature.

These temperatures at fillings F = 86% and 97% are shown
as TBEC in Fig. 15. The temperature range Tc < T < TBEC is
interpreted, as in fully filled media [4,8,16,20,26,28,55], as a
region of localized BEC (LBEC) where there is BEC but no
superflow. At low temperature (e.g., T = 0.4 K), P-R modes
are first observed [26] at a filling of F = 73%. This filling is
indicated by the dotted line in Fig. 15 and corresponds to n =
25 μmol/m2. This filling is taken as the filling at which BEC
first forms, i.e., the threshold filling for the onset of BEC.
Superflow and BEC in films is discussed further in Sec. IV
below.

To conclude, we note that it is difficult to compare absolute
values of fillings from one sample to another and from one
measurement to another. For example, we observed full filling
at 28 μmol/m2 (see Fig. 1) rather than the 33 μmol/m2

reported by Yamamoto et al. The gelsil samples were from
the same batch but were not exactly the same sample. They
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FIG. 14. (Color online) A 3D representation of the total fit
S(Q,ω) vs temperature for filling 4.

were not filled under exactly the same conditions. Similarly,
the threshold filling for superflow in several larger media [48]
was not the same as that reported for gelsil [4]. For this reason,
we have compared our results with those of Yamamoto et al.
on the basis of percentage fillings, which we believe is more
accurate.

IV. DISCUSSION

The chief purpose of the present paper is to determine
whether there is a localized BEC (LBEC) phase in films of
liquid 4He. In fully filled porous media, there is a temperature
range, Tc < T < TBEC, between the superfluid and fully
normal phase where there is BEC but no superflow. This

FIG. 15. (Color online) The phase diagram of films of liquid 4He
adsorbed in 25-Å MPD gelsil. Shown is the superfluid phase (blue)
limited by Tc as observed by Yamamoto et al. [4] and the localized
BEC (LBEC) region (yellow) limited at high temperature by TBEC =
TPR, the temperature at which the intensity in the P-R mode goes to
zero.

temperature range is interpreted as a phase in which the BEC is
localized to islands separated by normal liquid in disorder. At
temperatures Tc < T < TBEC, there is BEC and local superflow
in the individual islands but no phase connection between the
islands as needed for superflow across the sample. In fully
filled pores, the existence of well-defined phonon-roton modes
is taken as a signature of BEC. Our aim is to determine whether
well define P-R modes in partially filled gelsil can also be
observed above Tc.

As noted in the Introduction, a threshold coverage or
threshold film thickness is needed in porous media before
superfluidity is observed [48]. From Fig. 15, this coverage
is n0 = 20 μmol/m2 in gelsil at low temperature [4]. At
higher fillings, Tc increases approximately linearly with filling
reaching Tc = 1.4 K at full filling [4]. Yamamoto et al. [4]
observe full filling at 33 μmol/m2 in present gelsils, which is
indicated by the long dashed line in Fig. 15. There is similarly
a critical coverage required before P-R modes are observed.
Modes are first observed at a filling of 73% in the present gelsil
(see Figs. 9 and 10), which corresponds to n � 24 μmol/m2

in the scale shown in Fig. 15 and is marked as a dotted line.
Thus the onset fillings for P-R modes (n � 24 μmol/m2)
and superfluidity at low temperature (n � 20 μmol/m2) are
approximately the same. As filling is increased (from 73% to
100%), the phonon mode energies and intensities evolve in a
smooth manner toward their full filling values (e.g., see Fig. 2).
At full filling, the P-R mode energies are the same as in bulk
liquid 4He within precision.

From Figs. 13 to 15, we see that well-defined P-R modes are
observed up to a temperature TPR = 1.75 and 1.9 K at fillings
of 86% and 96%, respectively, as shown in Fig. 15. TPR clearly
lies well above Tc. Identifying TPR with TBEC, we clearly have
an LBEC “phase” in films near full filling as observed in fully
filled gelsil [20,26] (as in a 3D liquid).

This result could be understood if BEC in 2D and 3D appear
to be very similar in a small pore medium such as gelsil. BEC
can be characterized by the one-body density matrix (OBDM),
n(r), which is the Fourier transform of the atomic momentum
distribution, n(k). In a 3D fluid when there is BEC, n(r) has a
tail at large r extending to r = ∞ of constant magnitude given
by the condensate fraction, N0/N . In 3D, the constant tail in
n(r) is denoted off-diagonal long-range order (ODLRO). The
condensate state wave function also extends to r = ∞ with a
well-defined phase, denoted phase coherence. In 2D, at low but
finite temperature, the OBDM can have a long tail [56,57] but
one that decays algebraically with r , denoted algebraic off-
diagonal long-range order (AODLRO). Path integral Monte
Carlo calculations [58] in bulk 2D liquid 4He at T = 0.675 K
show that this tail extends out to 100 Å or more. As a result,
phase coherence over these length scales can be anticipated,
i.e., effectively, BEC in 2D over length scales of 100 Å. In
the LBEC phase, the picture is that BEC exists in islands of
diameter 15–20 Å, which are large enough to support well-
defined P-R modes at the wave lengths observed here. If this
picture is correct, there may be little observable difference
between the ODLRO in thick films of 4He and fully filled pores
in gelsil. In measurements of the condensate fraction [59], we
have observed similar condensate fractions in films of helium
and in bulk helium. In these measurements, the OBDM is
observed out to lengths of 5–6 Å only. The ODBM is very
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similar in 2D and 3D at the same density and temperature out
to r � 6 Å. Certainly, 4He in gelsil does not show 1D behavior
since BEC is not expected in 1D.

It is also possible that we are observing at least some fully
filled gelsil in addition to films. To discuss this point, we note
firstly that gelsil has a broad distribution of pore volumes (e.g.,
see Fig. 1 in Ref. [27]). At fillings of 86%, the smaller pore
volumes, which fill first, can be expected to be full. However,
since P-R modes are not observed at all until a filling of
73%, most of the smaller volumes do not contribute to the
observed P-R modes. The observed P-R modes are supported
predominantly by the liquid in the larger volumes, the last 27%
of the gelsil to be filled.

Secondly, close to full filling (86% or greater), we may have
capillary filling in the larger volumes. Capillary filling denotes
filling in which those pores that have liquid in them are fully
filled and further filling proceeds by fully filling more of the
medium. In this case, we would be observing fully filled pore
regions at partial fillings. The adsorption isotherm in Fig. 1
does not indicate capillary filling behavior. Capillary filling
is indicated by an upturn in the isotherm. An upturn is seen
in Vycor, which has pores. The apparent lack of capillary
filling is probably because gelsil consists of a distribution of
volumes not pores. Thirdly, the larger volumes in gelsil are
interconnected. Interconnected pores have been proposed to
explain why superfluid critical exponent in Vycor has the bulk
3D value [2,10] and why a dilute gas of 4He in Vycor shows
3D behavior [45,60]. We do not expect the interconnected
nature to affect the P-R modes directly, only enable films to
exist. In summary, while at least some fully filled regions are
being observed, we believe that P-R modes observed originate
predominately from liquid that has a surface in the larger pore
volumes.

The integrated intensity in the layer mode (or modes)
shown here is less than that determined in the same gelsil
by Plantevin et al. [26] (see Fig. 10 for a comparison).
The energy and width of the layer mode intensity agrees
well. This difference in intensity probably arises from a
difference in the fitting procedure. The broad layer mode
overlaps with the more intense P-R mode (see Figs. 7 and 8)
making it difficult to extract the layer mode in a unique
fashion. There could also be a difference in surface preparation
(cleaning). In a recent measurement in FSM, Prisk et al. [22]
observe a layer mode intensity similar to that observed by
Plantevin et al. [26].

For similar fitting reasons we were not able to determine
the temperature dependence of the layer mode at higher
temperature (T > 1.5 K) (see Fig. 13). The broad intensity of
the layer mode centered at ω = 0.6 meV lies in the same energy
range as the maximum of the even broader normal liquid
intensity at higher temperature. For this reason, the layer mode
cannot be separated from the normal liquid response at higher
temperature. In contrast, at higher pressure (e.g., 34 bar), we
were able to determine the temperature dependence of the layer
mode. At higher pressure, the response of normal liquid 4He
peaks near ω = 0 as it does in classical liquids. Under pressure,
the normal liquid responds much like a classical liquid. In this
case, the layer mode at ω = 0.6 meV can be distinguished
from the normal liquid intensity. The layer mode continues to
exist at temperatures above TPR where the roton has vanished.

It continues to exist in the fully normal phase so that the
existence of the layer mode is apparently not related to BEC.

V. CONCLUSION

We have measured the dynamic structure factor, S(Q,ω),
of liquid 4He films in 25-Å diameter gelsil as a function of
film thickness and temperature. At low temperature, where
there is superfluidity and apparently BEC, S(Q,ω) contains
the P-R mode and a layer mode. As temperature is increased,
the P-R mode gives way to broad normal liquid response.
However, well defined P-R modes continue to be observed at
temperatures above the superfluid onset temperature, Tc. This
is interpreted as BEC remaining at temperatures above Tc and
a localized BEC “phase” lying between the superfluid and
normal phase similar to the pseudogap phase in the cuprate
superconductors.
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APPENDIX: MODELS OF S( Q,ω)

In bulk liquid 4He, two models are commonly used to
describe the temperature dependence of S(Q,ω), denoted the
Woods-Svensson (WS) and Simple-Subtraction (SS) models.
In the WS model, S(Q,ω) is expressed as the sum of
a P-R mode (and a multi-P-R component), [SPR(Q,ω) +
SM (Q,ω)], which is proportional to the superfluid fraction,
ρS(T )/ρ, and a normal liquid component, SN (Q,ω), pro-
portional to [1 − ρS(T )/ρ]: S(Q,ω) = ρS(T )/ρ[SPR(Q,ω) +
SM (Q,ω)] + (1 − ρS(T )/ρ)SN (Q,ω). SM (Q,ω) is small com-
pared to SPR(Q,ω). In this model, the contribution of the P-R
mode to S(Q,ω) goes to zero at Tλ. The WS model describes
the temperature dependence of S(Q,ω) quite well for wave
vectors Q � 0.8 Å. At low Q, there is a sound mode that
survives into the normal phase, i.e., there is sound propagation
in normal liquid 4He as in all liquids.

In the SS model, a background and multi-P-R mode
contribution is first identified at low temperature. This is
simply subtracted from the data. A single SPR(Q,ω) is then
fitted to the remaining data at all temperatures. In the SS model,
the SPR(Q,ω) broadens into a flat, featureless intensity at Tλ

but intensity remains above Tλ. To understand this, we note
that the static structure factor S(Q) of liquid 4He is roughly
independent of temperature (±5%). Since, after subtraction of
a constant background, the remaining integrated intensity over
SPR(Q,ω) is proportional to S(Q), the integrated intensity in
SPR(Q,ω) must remain roughly independent of temperature
and cannot go to zero at Tλ. The drawbacks of these models
is that in the WS model the intensity in the P-R mode must
go to zero at Tλ whereas in the SS model the intensity must
remain in the P-R mode above Tλ. In either model, there is no
well-defined P-R mode at Tλ and above Tλ.
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In a recent paper [21] on modes in liquid 4He under
pressure in MCM-41, we used a model consisting of a P-R
mode, SPR(Q,ω), a layer mode, SL(Q,ω), and a normal
liquid component SN (Q,ω). SPR(Q,ω) and SL(Q,ω) were
determined from fits to data at low temperature. SN (Q,ω)
was determined from fits to data at the highest temperature.
To represent the temperature dependence, SPR(Q,ω) was
multiplied by a weight fPR and SN (Q,ω) was multiplied
by (1 - fPR). The fPR(T ) was determined by fits to data
as a function of T with fine tuning of SPR(Q,ω). A similar
representation of SL(Q,ω) was made. In this model, the
fPR(T ) can take any value at any intermediate temperature.
However, a temperature independent S(Q) has been built
into the model. The intensity fPR in the P-R mode was
found [21] to go to zero at a low temperature 1.45 K at
34 bar.

In the present model, the three parameters in SPR(Q,ω),
SL(Q,ω), and SN (Q,ω) were determined independently at

each temperature and can take any value. There is no
predetermined dependence of the parameters on temperature.
The integrated intensity S(Q) in each component can take any
value and it is satisfying that the total S(Q) of all three is
approximately independent of temperature as is observed in
the bulk liquid.

The ZQ of the DHO or Gaussian functions could be used
to identify the intensity. ZQ is a reliable indicator of intensity
for a DHO provided the DHO is narrow (small �Q) and the
energy ωQ is reasonably large. It is not reliable for the normal
liquid component where �Q is large and ωQ is small. In this
case, since the product ωQZQ appears in the numerator of
the DHO, ZQ gets very large when ωQ gets small. At higher
temperature, ωQ goes to zero and ZQ ceases to represent the
intensity. To represent the integrated intensity, we use the static
structure factors given by Eqs. (9) to (11). These S(Q) were
calculated from the corresponding fitted S(Q,ω) and represent
the intensity accurately for any shape of S(Q,ω).
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