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Elementary excitations in liquid 4He confined in MCM-41
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We present neutron scattering measurements of the excitations of liquid4He confined in MCM-41 at wave
vectors 0.35 Å21<q<2.15 Å21. MCM-41 is a uniform porous material consisting of cylindrical pores, here
of 32 Å diameter. The location and phase of4He in the pores was well characterized by pressure isotherms and
by exploratory neutron scattering measurements. The first 60% of4He entering the MCM-41 is tightly bound
on the media surface. This4He supports no excitations in the energy range investigated (0.3 meV<v
<2.0 meV). The4He added between 60 and 70% filling is less tightly bound. At 70% filling,4He in MCM-41
supports an excitation that is interpreted as a ripplon propagating on the liquid surface. This excitation disap-
pears on further filling. The subsequent liquid4He added supports well defined phonon-roton excitations which
at low temperaturesT<1.4 K, have energies and widths that are the same as those in bulk superfluid4He
within precision. There is some indication that the phonon energy forq<0.5 Å21 lies above the bulk value.
The liquid also supports layers modes for wavevectors in the roton region (1.90 Å21<q< 2.15 Å21) as
observed in aerogel, Vycor, and Geltech silica. Accurate measurements at higher temperatures were not pos-
sible because of the small volume of liquid in the MCM-41 and the present sample cell design.

DOI: 10.1103/PhysRevB.67.224506 PACS number~s!: 67.40.Yv, 67.70.1n, 68.03.Kn, 61.12.2q
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I. INTRODUCTION

The impact of disorder on Bose-Einstein condensat
~BEC!, on the elementary excitations and on superfluidity
Bose systems is a topic of great current interest. Liquid4He
immersed in porous media is the most accessible examp
bosons in disorder.1–3 Other topical examples are Coop
pairs of electrons and flux lines in high-Tc super-
conductors,2,4–6 Josephson Junction arrays, and disorde
thin films.7

The superfluid properties of helium confined in seve
porous media have been extensively investigated.1 In disor-
der, many superfluid properties are substantially modifi
For example, the critical temperature of the normal liquid
superfluid transitionTc is lowered. The smaller the pore siz
of the media the furtherTc is lowered below the bulk value
Tl52.17 K. Also, the temperature dependence of the su
fluid density rs(T) below Tc can be modified by disorder
For example, the critical exponentz describingrs(T) in
aerogel differs from the bulk value. This result have be
confirmed in several macroscopic measurements8–12 on 4He
confined in aerogels. This places4He in aerogel in different
universality classfrom the bulk. However, Maynard an
Deutscher13 showed that the observedz value could be in-
terpreted as an effective value averaged over the actual
size distribution of the confining material.

At very low filling of the media,4He appears to behave a
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a dilute Bose gas of atoms attached to the media walls.14 For
example, at low coverage,Tc follows the density dependenc
expected for a dilute Bose gas. The physics of4He at low
coverage is quite different from that of the liquid4He that
forms near full filling of the pores.

More recently, the elementary phonon-roton and other
citations of liquid 4He in several porous media have be
investigated by inelastic neutron scattering. Examples
liquid 4He in aerogel,15–25 in xerogel,26,27 in Vycor,25,28,29

and in Geltech silica.30,31At or near full filling of the pores,
the phonon-roton energies and linewidths are the same a
bulk liquid 4He, unchanged by disorder within current pr
cision (65 meV). Some differences have been reported
improved precision and direct comparison with the bulk u
der the same experimental conditions shows that they are
same. Specifically, the temperature dependence of the e
tation energies and the widths are the same as in
bulk.24,25 At partial fillings there is some difference in th
energies24 suggesting that the density of liquid4He near a
free surface is lower than the bulk value.

In porous media there are, in addition, two dimensio
modes propagating in the liquid4He layers adjacent to the
media walls.24,25,28,31These additional ‘‘layer modes’’ are ob
served unambiguously at wave vectors in the roton reg
only, although they may exist with weaker intensity at low
wave vectors. These modes appear to be the same as
observed in 4He films adsorbed on graphite.32 The layer
modes also appear to be responsible for the difference in
©2003 The American Physical Society06-1
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thermodynamic properties of4He in porous media and th
bulk, in Vycor, for example.25,29

Rather unexpectedly, phonon-roton excitations of sup
fluid 4He are observed at temperatures aboveTc in Vycor
and Geltech silica, up toTl . Since the existence of well
defined excitations at higher wave vectors is attributed to
existence of a condensate, this observation suggests
there is BEC aboveTc in porous media.31,33 This BEC is
probably localized to specific regions in the porous media
the disorder so that there is phase coherence over s
length scales only rather than across the whole sampl
needed for superflow. Direct measurement of BEC in Vy
by high-energy inelastic neutron scattering has also n
begun.34

In this paper we present measurements of the elemen
excitations of superfluid4He in MCM-41, a porous media
consisting of regular cylindrical pores of well defined diam
eter, here 32 Å . The aim is to determine the excitations i
media having small diameter pores to increase the effect
confinement and disorder. In addition MCM-41 has a narr
pore size distribution so that the degree of confinemen
quite uniform throughout the sample. We also characte
the MCM-41 more carefully than has been done in the p
using N2 and 4He pressure isotherm measurements, x-
measurements, and preliminary neutron scattering meas
ments. With these techniques we have determined the
diameter of the MCM-41 accurately and the state of the4He
in the pores as a function of filling of the media. Specifica
the filling at which liquid forms in the MCM-41 was clearl
identified. With this data, we can relate unambiguously
character of the observed neutron scattering data with s
of the 4He in the MCM-41 pores. We focused on measu
ments at low temperature as a function of filling of the m
dia. In addition, we employed a sample cell design that p
vented the formation of liquid4He elsewhere in the cell. In
this way the observed neutron scattering intensity could
reliably correlated with the degree of filling of the MCM-41

In Sec. II we describe the synthesis and characteriza
of the MCM-41. The neutron scattering measurements
presented and analyzed in Sec. III. A discussion and s
mary is presented in Sec. IV.

II. SAMPLE CHARACTERIZATION

A. MCM-41 synthesis

The MCM-41 used in the present research was syn
sized by the group of Patarin and Soulard at the ‘‘Laborato
de Matériaux Minéraux,’’ Mulhouse, France, following the
prescription described by Corma, Kan, Navarro, Pe´rez-
Pariente, and Rey.35 The sample, in the form of a white pow
der of mm size, has a measured density of 0.269(5) g/c3.
Nitrogen adsorption-desorption isotherm measurement
77 K were perfomed by them using commercial equipme
A standard treatment of these isotherms within the Barr
Joyner, and Halenda~BJH! model36 was made to determin
the pore size. This yielded a distribution of pore diamet
that was sharply peaked at 32 Å and had a very nar
width; a full width at half maximum~FWHM! .3 Å . We
22450
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stress that the average pore size is dependent upon the m
used to describe the data~BJH in this case!. The narrowness
of the pore size distribution is somewhat more reliable. T
surface area of the MCM-41 obtained in the framework
the Brunauer, Emmett, and Teller~BET! theory37 from the
isotherm data wass5910 m2/g. The N2 pressure isotherms
show evidence of capillary filling. Capillary filling is charac
terized by some upward curvature and hysterisis of the
sorption and desorption curves. It is believed to be associ
with filling as liquid N2 in which surface tension plays a
assisting role. They also measured the x-ray diffraction p
tern of the MCM-41 and obtained results for the pore siz
that are consistent with the above determination.

B. MCM-41 characterization by 4He isotherms

To determine how4He atoms fill MCM-41, we conducted
helium adsorption isotherm measurements at a tempera
of 2.48~1! K. The equipment used is a series of steel ca
brated volumes over which we measured the pressure
capacitance barometers. The cryostat used is of theorange
type.48 The sample was outgassed at a temperature of a
330 K until a residual pressure of 3.331024 mbar was
reached.

The resulting4He adsorption isotherm is displayed in Fi
1 and is interpreted as follows. A large amount of4He is
adsorbed initially by the MCM-41 at very low pressure. Th
is, up to filling F1524 mmol/g, indicated by an open circl
in Fig. 1, the4He is adsorbed at a low pressureP relative to
the saturated vapor pressure~SVP! of bulk liquid 4He P0 of
P/P0<0.05. The4He entering the MCM-41 up to filling F1
is therefore tightly bound to the media surface and forms
or more layers on the surface. A BET analysis would sh
the first monolayer completed at filling F1 but this cou
include some tightly bound4He in a second layer. The firs
4He layer is generally believed to be solid. Between fillin
F1 and F2 in Fig. 1, the4He is still reasonably tightly bound
(P/P0<0.14), but somewhat less so. Between fillings

FIG. 1. Helium adsorption diagram atT52.4860.01 K ~filled
circles with error bars!. Open triangles represent isothermal da
taken atT51.2060.01 K, while open circles represent the filling
chosen for neutron scattering experiments, namely, F1: 24 mm
F2: 28 mmol/g; F3: 35 mmol/g; and F4: 40 mmol/g.
6-2
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and F3, the MCM-41 cylindrical pores are being filled b
liquid and the upward curvature in the isotherm sugge
capillary condensation. The capillary filling of the cylinde
is completed at filling F3. The filling of the porous samp
itself, including larger pores and, in general, less favora
adsorption sites including compressing existing phases
completed at F4. Beyond filling F4, the4He entering the
sample is interpreted as filling the spaces between the gr
in the powder with liquid at almost SVP.

To construct a simple model of the4He in MCM-41, we
assume that two solid4He layers form on the MCM-41
surface. We assume also that the surface densityn for these
4He layers as well the interatomic spacinga within these
layers is the same as observed for4He on graphite,32,38–40

namely, n150.115 atoms/Å2(a153.17 Å! for layer 1 and
n250.095 atoms/Å2(a253.54 Å! for layer 2. Finally we as-
sume that the liquid phase obtained after the two layers h
formed, has the bulk lower lambda point density, nam
rl50.022 Å23.

Using a cylinder diameter ofd532 Å , the diameter of
the ring formed by the centers of the4He atoms in the
first layer is d15d2a1528.83 Å . Similarly, the nitrogen
monolayer forms on a cylindrical ring whose diameter
d1

N25d2dN2
, wheredN2

is the diameter of the N2 molecule

used in the BET analysis, namelydN2
54.33 Å . Using the

surface area of the cylinders obtained fromN2 isotherms
of s5910 m2/g, the number of atoms expected in th
first helium layer is N15s1n1518.1 mmol/g, where
s15(d1 /d1

N2)s5948 m2/g. The diameter of the cylindrica
surface on which the second layer forms
d25d12a12a2522.12 Å and the surface area available
the second layer iss25(d2 /d1)s1. The number of atoms in
the second layer isN25s2n2511.5 mmol/g. Thus the tota
in the two layers isNlay5N11N2529.6 mmol/g which is
consistent with filling F2528 mmol/g in Fig. 1.

Particularly the surface density of4He on MCM-41 could
be less than that on graphite. In this picture, the wi
of each layer is taken equal to the interatomic spaci
the resulting three-dimensional layer densities
r150.0363 Å23 and r250.0268 Å23, yielding an average
density for the layered helium ofr̄ lay5(r1V11r2V2)/
(V11V2)50.0319 Å23, whereV1 and V2 are the volumes
occupied by the first and second layer.

The remaining4He then enters the MCM-41 as liqui
until the cylinders are full. With two solid4He layers added
the diameter of the remaining volume in the cylinders av
able to the liquid isdliq5d22a2518.58 Å . The ratio of the
liquid volume to layer volume is therefore 0.51 while th
ratio of liquid density to layers average density is 0.69.
liquid amount ofNliq50.5130.69Nlay510.4 mmol/g is then
expected to fill the cylinders. This agrees well with t
amount of liquid suggested by the isotherms in Fig. 1;
2F2512 mmol/g. Thus this simple picture is consiste
with the observed4He isotherms.

To construct the above simple model, we have assum
that the first two layers are solid layers. The second s
22450
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layer could equally well be partly or wholly dense liquid, a
suggested by the data to follow.

C. MCM-41 characterization by inelastic neutron scattering

In order to further characterize the filling of MCM-41 b
4He, we made preliminary measurements of the inela
neutron scattering~INS! intensity as a function of filling. The
measurements were carried out at a fixed sample temper
of T51.20(2) K on the MIBEMOL time of flight spectrom
eter at the Laboratoire Le´on Brillouin ~LLB !, Saclay, France.
The goal was to identify the qualitative features of the ex
tations supported by the4He in the MCM-41 at particular
fillings. Specifically, the INS intensity at five fillings wa
measured. These were an empty MCM-41 sample and
four fillings F1 to F4 identified in Fig. 1. The fillings ar
summarized in Table I.

The sample cell was an aluminum cylinder~outer diam-
eter 17 mm, inner diameter 16 mm!, glued with stycast to a
flange. The flange was connected to the cryostat injec
pipe via an indium joint. The cell was filled with 758.4 mg o
MCM-41. This was outgassed at 370 K until a pressure
3.431024 mbar was reached prior to filling. A fixed inciden
neutron wavelength ofl55 Å was used and the data wa
collected at constant scattering angle. In order to improve
statistics, data at several scattering angles were combi
Specifically, we report in Fig. 2, the net INS intensity co
lected at scattering angles in the range~a! 69.2° –80.6°,~b!
84.5° –95.5°,~c! 100.5° –111.8°,~d! 117.0° –141.8°. These
angles correspond to wave vector transfers at the elastic
in the range~a! 1.43–1.62 Å21, ~b! 1.69–1.86 Å21, ~c!
1.93–2.08 Å21, and~d! 2.14–2.37 Å21. Since the data was
taken atT51.20 K, the actual4He vapor pressure above th
sample does not fall exactly on theT52.48 K isotherm
shown in Fig. 1. The actual vapor pressure in the INS m
surement at fillings F1, F2, and F3 are shown as triangle
Fig. 1. It should be noted also that at the 40 mmol/g fillin
there were indications that some of the helium was conde
ing into the cryostat injection pipe. We must conclude th
the actual filling was not fully 40 mmol g21, but a somewhat
lower filling.

The observed INS intensity is shown in Fig. 2. The ch
findings are well represented by~c! of Fig. 2. The INS signal
at filling F1 ~24 mmol g21) is not distinguishable from the

TABLE I. Experimental conditions for the neutron scatterin
experiment performed on MIBEMOL spectrometer.

filling T SVP(T)a Pb nads

~K! ~mbar! ~mbar! ~mmol g21)

0 1.20~2! 0.81~1! 0.000 33~1! 0
F1 1.20~2! 0.81~1! 0.001 96~1! 23.3~3!

F2 1.20~2! 0.81~1! 0.030 10~6! 28.1~4!

F3 1.20~2! 0.81~1! 0.2356~4! 36.1~4!

F4 1.32~2! 1.79~2! 1.788~3! 39.8~5!

aSaturated vapor pressures are taken from literature~Ref. 41!.
bThe pressure has been corrected for thermomolecular effects
the Weber Schmidt formula~Ref. 42!.
6-3
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empty MCM-41 signal in the energy range shown. This s
gests that the helium up to filling F1 is tightly bound
surfaces of the MCM-41 and has excitations at a mu
higher energy. Up to filling F1, the4He forms at least one
amorphous solid layer plus perhaps some liquid or solid
mains in a second layer. At filling F2~28 mmol g21) a weak,
broad inelastic signal is observed. A similar weak, broad I
intensity was observed as the first signal from4He in 25 Å
Geltech silica30,31 at low fillings. This suggests that some
the less tightly bound4He in the second layer at F2 may b
liquid. At filling F3 ~35 mmol/g! a significant increase in INS
intensity is observed. This is in the energy range expected
a roton and supports the interpretation that filling betwe
F2 and F3 is liquid4He. The inelastic signal at filling F4
~40 mmol g21) is only marginally greater than that at F
This may arise from the filling problems at F4 noted abo
We then conclude that the phonon-maxon-roton signal ar
from the liquid 4He that capillary condenses between fillin
F2 and F3.

In summary, the N2 and 4He pressure isotherms and th
neutron scattering characterization suggest that the MCM
consists of 32 Å diameter cylindrical pores and has a surf
area of 910 m2/g. At 4He filling F1524 mmol/g, all the4He
is tightly bound to the MCM-41 walls mainly in solid layers

FIG. 2. Raw inelastic neutron scattering spectra obtained w
the MIBEMOL spectrometer. The four panels show four differe
ranges of exchanged elastic wave vectorqel[q(v50): ~a! qel

5(1.5260.10) Å21, ~b! qel5(1.7860.08) Å21, ~c! qel5(2.00
60.08) Å21, ~d! qel5(2.2660.12) Å21.
22450
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There is no observed inelastic response from the solid lay
Between filling F1 and F2528 mmol/g, the4He layers are
less tightly bound and there is weak, broad inelastic respo
from this ~possibly liquid! 4He. Between F2 and F3535
mmol/g, the 4He enters as liquid which supports phono
roton excitations. Beyond F3, the4He added up to F4540
mmol/g ~full cylinders! is also liquid but the magnitude o
the INS intensity from this4He was not well determined.

III. NEUTRON SCATTERING DATA

In this section, we present neutron scattering meas
ments of the excitations of4He in MCM-41 taken on the
time of flight IN6 spectrometer at the Institut Laue-Langev
~ILL !, Grenoble, France. Measurements were made at t
fillings of the MCM-41: empty MCM-41, filling F2 shown in
Fig. 1 which corresponds to completed4He layers on the
MCM-41 surfaces and filling F3 which corresponds to co
pleted filling with liquid by capillary condensation. For th
experiment we chose an incident wavelength ofl54.62 Å .
A 3He cryostat was used to reach temperatures as low
0.35 K.

A. Sample cell design

In order to avoid any condensation of bulk liquid4He in
the injection tube of the cryostat, we designed a spe
sample cell~see Fig. 3!. The cell consisted of two parts. On
part was an aluminum cylinder of inner diameter 15 mm a
wall thickness 1 mm which held the MCM-41. The other w
a brass open volume~approximately 115 cm3). The two
parts are sealed together by an indium joint. The MCM-
was outgassed at 370 K until a pressure of 1024 mbar was
reached.4He gas was then added to the brass volume
room temperature and the copper injection pipe was se
by a cold seal technique. Two such cells were construc
cells A and B. Cell A, whose open volume is 114.9~4! cm3,
was filled with sufficient4He gas@11.45~4! bar# so that when
cooled in the cryostat, the amount of4He adsorbed by the

h
t

FIG. 3. Sample cell for the neutron experiment on IN6. On t
right, the aluminum part, containing the MCM-41 sample, on t
left the brass part providing the open volume needed to correctly
the porous sample with helium. An indium joint has been used
connect the two parts.
6-4
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MCM-41 @1.891~2! g# corresponded to a filling of F2528
mmol/g. Cell B, whose open volume is 115.0~4! cm3, was
filled with 4He gas @14.49~4! bar# so that the MCM-41
@1.860~2! g# was filled to filling F3536 mmol/g when
cooled. Once sealed, the actual filling of the MCM-41 is
function of temperature. The precise fillings in cells A and
at each temperature are given in Table II. Background m
surements on empty MCM-41 measurements were mad
heating the MCM-41 to 25 K.

B. General features

To display the general features of the excitations,
present the data as the net scattering intensity from4He in
MCM-41 at fillings F2 ~28 mmol/g! and F3 ~35 mmol/g!
relative to the empty MCM-41 intensity. The scattering i
tensity from the empty MCM-41 was the same for the tw
cells. Figures 4–6 show this net intensity atT50.4 K for
scattering wave vectors in the range 0.45<q<2.10 Å21.
From Fig. 4 we see a structureless response at filling F2
q<0.55 Å21. At filling F2 and q>0.85 Å21 we observe a
broad weak peak at\v'0.7 meV plus a high energy tail. A
filling F3 and low temperature we observe a well defin
peak, identified as the phonon-roton excitations, plus a h
energy tail. The high energy tail is nearly identical at fillin
F2 and F3~Figs. 4 to 6! and for all temperatures studied~Fig.
7!. Thus the high energy tail cannot be attributed to m
tiphonon processes, since it is equally present for filling
where a single excitation contribution is not present at a

The peak observed at filling F2 has disappeared at fil
F3, indicating that the excitation at F2 is destroyed once
pores are filled by capillary condensation. One interpreta
is that the excitation at F2 is located at the boundary betw
the second layer and the vapor, constituting a so called ‘‘
plon.’’ Such an excitation has already been observed on
surface of liquid layers of4He adsorbed on graphite.32,43

Given the powder nature of the present MCM-41 sample,
cannot observe the ripplon energy dispersion curve.44–46

Rather, we observe the ripplon density of states. Also,
cylindrical geometry of our system could modify the ripplo
dispersion relation, originally calculated for a planar geo
etry. Substrate-surface interaction should modify the disp

TABLE II. Experimental conditions for the neutron scatterin
experiment performed on the IN6 spectrometer.

cell T P0(T) a nads

~K! ~mbar! ~mmol g21)

A 0.41~1! 5•1027 28.08
A 25.00~5! '0
B 0.388~4! 2.0•1027 36.15
B 1.016~16! 0.20 36.10
B 1.200~1! 0.81 35.95
B 1.400~1! 2.8 35.60
B 1.500~2! 4.8 35.35
B 1.600~1! 7.5 35.00
B 24.85~15! '0

aSaturated vapor pressure are taken from literature~Ref. 41!.
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sion relation in the long wavelength regime only. The area
the liquid-vapor surface is greatly reduced at filling F3, sin
the pores are largely filled by liquid, thus explaining the lo
of the ripplon signal at F3.

C. Fitting

To analyze the phonon-roton excitations observed in
liquid at filling F3, we consider the net intensity observ
between fillings F3 and F2. Particularly the high energy t
which is observed at both fillings F2 and F3 does not app
in the net intensity. However, the ‘‘ripplon’’ intensity tha
appears at filling F2 and not at F3 results in negative
intensity in this subtraction. To avoid this negative ‘‘ripplon
intensity we fitted the data in the energy range of t
phonon-roton peak only. In the wave vector range where
‘‘ripplon’’ and the phonon-roton peak overlap, we tried bo
filling F2 and the empty MCM-41 as background referenc
The resulting fits were found to converge better for the d
sets referenced to the F2 signal. Examples of data obta
by subtracting the F2 signal with fits for several values oq
at T50.4 K are shown in Fig. 8.

As the fitting function, we used the convolution of prev
ously measured experimental~Gaussian! resolution function
with a damped harmonic oscillator~DHO! function

FIG. 4. Net scattering intensity from liquid4He in MCM-41 at
T50.4 K at fillings F2~28.1 mmol g21) and F3~36.1 mmol g21).
Four wave vector transfersq in the ‘‘phonon’’ region are shown.
Between filling F2 and F3, the4He fills the pores as liquid by
capillary condensation.
6-5
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S1~q,v!5
Zq@nB~v!11#

p

3H Gq

~v2vq!21Gq
2

2
Gq

~v1vq!21Gq
2J , ~1!

where

nB~v![
1

eb\v21
~2!

is the Bose function. Thevq , Gq , and Zq are free fitting
parameters representing the energy, half width, and inten
of the excitation, respectively. Forq.1.50 Å21, we added a
Gaussian

G~q!5
Aq

A2p sq
2

e(v2vq
2D)2/2s2

~3!

to the fitting function in order to take into account the 2
excitations. We found thatAq50 for wave vectors up to
q51.85 Å21.

FIG. 5. Same as Fig. 4, for wave vector transfers in
‘‘maxon’’ region.
22450
ity

D. Dispersion

In Fig. 9 we show the phonon-roton energy dispers
curve,vq , obtained by fitting Eq.~1! to the peak region of
S(Q,v) at severalq values. There we see that the phono
roton energies of superfluid4He in MCM-41 agree well with
those in the bulk47 over most of the wave vector range. A
low q(q<0.65 Å21) the phonon energiesvq in MCM-41 lie
somewhat above the bulk values. Generally we expect fi
size to affect excitations having wavelengths comparable
greater than the pore size. Particularly, long wavelen
phonons propagating perpendicular to the cylinder axis
likely to be most affected by the finite size of the MCM-4

The two dimensional~2D! layer modes were observe
only for wave vectors in the roton region and beyond t
roton. The energyvq

2D of this 2D mode is reasonably inde
pendent ofq over the range that it is observed. A similar
flat dispersion curve forvq

2D was observed in 25 Å Geltec
silica. In contrast, a parabolic dispersion curve forvq

2D was
observed in Vycor and aerogel. At these wave vectors, ro
and higher, the 3D phonon-rotonvq in MCM-41 appears to
lie somewhat below the bulk value. A similar difference fro
the bulk was observed in Geltech silica when it was n
completely filled. However, there are difficulties in separ
ing the scattering intensity arising from the 2D and 3D ex
tations uniquely at these wave vectors and this differe
could arise from not assigning enough intensity to the
mode.

e FIG. 6. Same as Fig. 4, for wave vector transfers in the ‘‘roto
region.
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ELEMENTARY EXCITATIONS IN LIQUID 4He . . . PHYSICAL REVIEW B 67, 224506 ~2003!
There is an interesting feature in the scattering inten
shown in Fig. 8 and at lowerq values (q< 1.65 Å21). This
is a broad peak in the intensity atv50.420.5 meV indepen-
dent of q. This suggests the existence of a dispersionl
excitation. Because of uncertainties in background and e
tic scattering reaching up to this energy range, it is diffic
to quantify the intensity associated with this ‘‘dispersionle
mode.’’ Further investigation of the low wave vector regio
is in progress from both an experimental and theoret
point of view.

E. Temperature dependence

In Figs. 10–12, we present results for the temperat
dependence of the phonon-roton parametersZq , Gq , andvq
for threeq values between the maxon and the roton regio
As the temperature increases, the error associated with
parameters generally increases. This is because, as the s
excitation peak broadens, it is more difficult to isolate t
single excitation component ofS(Q,v) unambiguously.
Also, given our cell design, there is some loss of the liq
4He from the MCM-41 sample as temperature increas
Some general trends can, however, be identified. The in
sity in the single excitation peak (Zq) clearly decreases with
increasing temperature. The half widthGq increases with
temperature above 1.2 K. Note that the instrument resolu
is approximately 0.10 meV so that no change inGq can be
observed forGq<0.05 meV. TheGq generally decrease

FIG. 7. Same as Fig. 4, for several temperatures at filling F3
22450
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with increasing temperature as expected. The tempera
change ofGq andvq at the roton q in the bulk47 is shown by
the dotted line. Essentially, the temperature dependenc
Gq andvq in MCM-41 is the same as in the bulk within th
present rather large errors bars.

IV. SUMMARY AND DISCUSSION

The excitations of superfluid4He confined in several po
rous media such as aerogel,15–25 xerogel,26,27 Vycor,25,28,29

and 25 Å Geltech silica30,31 have been observed in the pa
five years. Our goal in the present measurements is
observe the excitations in a porous media that has reg
~cylindrical shaped! pores of small and well determined d
ameter (32 Å63 Å). A second goal was to characterize th
media and the4He inside the cylinders as a function of fil
ing more fully than has generally been done in the past. T
was done using pressure isotherm measurements, x-ray
surements, and exploratory inelastic neutron scattering m
surements. In this way the physical origin of the excitatio
could be better identified and related to the location and s
of the adsorbed4He.

The first 60%~24 mmol/g! of 4He entering the MCM-41
has very low vapor pressure characteristic of layers v

FIG. 8. Net scattering intensity from4He in MCM-41 at T
50.388 K. Signal at filling F3 minus that at F2 at the indicat
wave vector transfersq are shown. Solid line is a fit of Eq.~1! to the
phonon-roton peak.
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FIG. 9. Results for the fit parametersvq and vq
2D at indicated

temperatures.

FIG. 10. The intensity in the phonon-roton modeZq vs tempera-
ture at theq indicated.
22450
tightly bound to the media walls. This tightly bound4He
does not support any excitations in the energy range inve
gated here (0.25 meV<v<2.0 meV). The subsequen
4 mmol/g of 4He added is still tightly bound but less so an
probably forms~or completes! liquid layers. It supports a
broad mode peaked at energyv'0.7 meV. This scattering is

FIG. 11. Results for the fit parameterGq at the indicatedq are
shown vs temperature. The dotted line in~c! represents results fo
bulk helium ~Ref. 47!.

FIG. 12. Results for the fit parametervq at the indicatedq are
shown vs temperature. Dotted line in~c! represents results for bulk
helium ~Ref. 47!.
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ELEMENTARY EXCITATIONS IN LIQUID 4He . . . PHYSICAL REVIEW B 67, 224506 ~2003!
consistent with scattering from a ripplon propagating on
free surface of the liquid layer.

Since the MCM-41 is a powder with random orientati
of the cylinders, we expect to observe the density of state
the ripplon mode. When the ripplon is observed, t
MCM-41 is 70% full ~28 mmol/g! and is well described by a
simple model consisting of two layers of4He on the media
walls. The ripplon mode disappears after further liquid4He
is added and the free surface is removed. Ripplons have
clearly observed on the free surface of superfluid4He on
graphite.32,43 However, they have not been observed bef
on the free surface of superfluid4He inside a porous me
dium. Broad scattering intensity was observed at compar
fillings of 25 Å Geltech silica but the intensity was muc
weaker than observed here and the intensity continued t
observed at higher fillings. Ripplons may be observed
MCM-41 because the surface of the cylinders is smoot
~flatter! than in any other porous media investigated to da

The next approximately 17% of4He enters MCM-41 as a
liquid displaying capillary condensation. In the wave vec
range investigated here (0.4 Å21<q<2.15 Å21), this liq-
uid 4He ~presumably superfluid at low temperatures! sup-
ports well defined phonon-roton excitations. The energ
and lifetimes of these excitations up toT51.6 K are the
same as observed in the bulk within present experime
precision. There is some indication that the phonon ener
in MCM-41 at wave vectorq<0.5 Å21 lie above the bulk
values increasingly so asq is reduced. This is being invest
gated further and will be the topic of a separate publicati
Accurate measurements of the phonon-roton energies
lifetimes at higher temperatures were not possible becaus
the small volume of liquid4He in the present sample. Thu
as observed in other porous media, at full or near full fillin
the phonon-roton energies and lifetimes of superfluid4He in
MCM-41 are the same as in the bulk within measured pre
sion.

For wave vectors in the roton region (1.95 Å21<q
<2.15 Å21) we observe additional broad intensity belo
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§Electronic address: dianoux@ill.fr
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