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Elementary excitations of liquid 4He in aerogel
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The phonon-roton excitations of liquid4He immersed in aerogel of 95% porosity have been measured using
inelastic neutron scattering. Excitations having wave vectors at the phonon (Q50.2 Å21), maxon, roton, and
beyond the roton (Q52.4 Å21) regions of the dispersion curve were investigated at temperatures between
T50.5 K andT52.25 K. Aerogel grown with deuterated materials not exposed to air was used and measure-
ments in bulk liquid 4He were made under the same conditions for direct comparison.S(Q,v) in 4He in
aerogel is very similar to that in bulk4He. There is no evidence for any low-energy excitations below the
phonon-roton curve or of an energy gap in the dispersion curvevQ at smallQ values. AtT50.5 K and at the
maxon, roton, and atQ52.4 Å21, the 4He excitation energiesvQ in aerogel lie a fewmeV below the bulk
values and the widthGQ of S(Q,v) has a small finite value (GQ;5 meV!. The temperature dependence of the
energiesvQ and widthsGQ are similar, but not identical, to those in the bulk.@S0163-1829~98!01218-1#
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I. INTRODUCTION

Bosons in disorder and confining environments displa
rich spectrum of phases, transitions between phases,
novel flow properties.1–3 A central example is liquid4He
immersed in aerogel and vycor, which both confine the B
liquid and introduce disorder.4–7 In these environments th
universality class of the superfluid to normal transition
changed from the bulk and depends on the nature of
disorder, as does the transition temperatureTl and the super-
fluid density rS(T) below Tl .7 A second example is flux
lines in dirty superconductors in which substitutional imp
rities or columnar line defects introduce disorder.8–11 In this
case the melting of the flux line lattice is substantia
changed by the disorder, and the ordered Abrikosov flux
lattice, which is usually the low-temperature phase, is
placed by a flux line glass.2,12–17Other important example
are the superconducting-insulator transitions in Joseph
junction arrays,18–20 in disordered thin films, and in granula
metals.21,22Of special interest is the nature of the excitatio
and the flow properties of bosons in disordered materi
Superfluid flow and sound propagation in liquid4He is
qualitatively changed by disorder.7 The flow and elastic
properties of flux lines in disorder determines the critic
current properties of high-Tc superconductors.8 The flow of
bosons in disorder has applications in charge density w
systems,23–26 Wigner crystals,27 magnetic bubble arrays,28

flow of vortices in Josephson junction arrays,26 transport in
metallic dots,29 and flow in porous media generally.

The theoretical description of these systems is also a c
lenge because both the boson-boson interaction and diso
ing interaction must be included in the simplest models1,3
570163-1829/98/57~17!/10775~10!/$15.00
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Direct simulation of bosons in a lattice containing a rando
potential have revealed important features.30,31In these simu-
lations, the type of the equilibrium phase is often identifi
by the magnitude ofrS(T) and the nature of the elementa
excitation spectrumvQ .30 For example, a gap invQ at Q
→0 signals localization of the bosons by the disord
Gaussian variational and renormalization group methods16,32

have identified important universal features of the ph
transitions in disorder. The analysis of flow in disorder is
especially active topic.17,24,33,34

In this paper, we report inelastic neutron-scattering m
surements of the dynamic response and the elementary
tations of superfluid and normal4He in aerogel. The aim is
to search for new features in the response introduced by
aerogel; for example, whether there are additional excitati
at low energiesv as suggested in model calculations31

whether there could be a gap invQ at Q→0 in the superfluid
or normal phases suggesting Mott localization,30 whether the
sound velocity is reduced by disorder as has be
predicted,30,35and whether the elementary excitations hav
finite life time at low temperatures in disorder.

In a major program, excitations in liquid4He films up to
6–7 layers thick have been measured by inelastic neu
scattering.36 These display a ripplon mode on the film
surface-gas interface, a mode within the film similar to t
phonon-roton mode in the bulk, and layer modes associa
with the more tightly bound layers adjacent to the substr
on which the film resides. The structure of these films a
the mode energies can be accurately predicted microsc
cally. An integrated account of the experiment and the c
culations has recently appeared.37

Inelastic neutron-scattering measurements of the exc
10 775 © 1998 The American Physical Society
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tions of liquid 4He in completely filled aerogel have bee
performed by two groups. Coddens and co-workers38,39

found that the excitation energies atT>1.5 K were the same
as in the bulk within the precision of their measurements
the studies by Sokol, Gibbs, and co-workers,40–42 which
were extended toT51.3 K and covered the wave vecto
range 0.8,Q,2.1 Å21, the excitation energies were foun
to be the same as in the bulk at low temperatures (T51.3 K!.
However, the temperature dependence ofvQ differed from
the bulk, especially at the roton wave vector, and the wi
of the excitations was larger than in the bulk at low tempe
tures. From the temperature dependence of the roton en
the superfluid densityrS(T)512rN(T) was calculated us
ing the Landau expression forrN(T) arising from thermal
excitations of rotons.

We have measured the dynamic structure factorS(Q,v)
over a wide range of wave vectors, fromQ50.2 Å21 in the
phonon region toQ52.4 Å21 beyond the roton wave vecto
We also covered a wide temperature range, fromT50.5 K in
the superfluid phase toT52.25 K in the normal phase. W
make direct comparison withS(Q,v) in bulk 4He and have
included measurements in the bulk under the same exp
mental conditions as a reference. In particular, we extract
energy vQ , width GQ , and weight ZQ of the single-
excitation component inS(Q,v) and compare the tempera
ture dependence of these quantities with that of bulk4He,
and whetherZQ can be related torS(T) as is apparently the
case in the bulk.43–45

In Sec. II we describe the experiment and the aero
sample. The results are presented in Sec. III and are
cussed in relation to theoretical predictions and other dat
Sec. IV.

II. EXPERIMENTAL

The measurements were performed on the IN12 cold n
tron triple-axis spectrometer at the high-flux reactor of
Institut Laue-Langevin. A vertically focusing pyrolyti
graphite~PG! ~002! monochromator and a flat PG~002! ana-
lyzer were used. The horizontal collimations were 378, 388,
388, and 608 in order from monochromator to detector. Th
spectrometer was operated with a fixed final wave vecto
kf51.4 Å21. A 10-cm-thick liquid-nitrogen-cooled beryl
lium filter was used to remove higher-order neutrons fr
the scattered beam. Scans in energy were performed
wave vectorsQ of 0.2, 1.1, 1.92, and 2.4 Å21 at tempera-
turesT of 0.5, 1.4, 1.7, 1.85, 2.0, and 2.25 K. The ener
resolution is nearly independent of energy transfer, and
0.11 meV for elastic scattering and 0.12 meV at the max

The aerogel sample was prepared using a standard
step tetramethoxysilane~TMOS! process, followed by hyper
critical drying.46 The amount of methanol in the solution wa
adjusted to give a final porosity of about 95%. The gel w
grown under basic conditions using twice the stoichiome
amount of water. Similar base-catalyzed aerogels have b
used in previous studies of aerogel structure and propert47

and of superfluidity in aerogels.5 The aerogel was grown
directly in the cell used for the neutron-scattering measu
ments, a 13.6-mm inner diameter stainless steel cylinder
a wall thickness of 0.2 mm and a height of 52 mm. Sin
base-catalyzed aerogels shrink very little during drying, th
n
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were no visible gaps between the aerogel and the cell w
i.e., no bulk helium is expected to be observed in the m
surements.

In order to reduce the elastic scattering from the aero
of which a substantial fraction is believed to originate fro
OH2 groups attached to the aerogel strands, all the star
chemicals~TMOS, water, methanol, and ammonium hydro
ide catalyst! were fully deuterated. From the starting puri
of the chemicals, we estimate a residual H/D ratio for o
samples of less than 1%. Care was taken to never expos
aerogel sample to air, since its surface would adsorb wa
Samples were flushed with helium gas while still in the a
toclave and were removed and sealed for transport unde
argon atmosphere. All subsequent handling was made e
under vacuum or under an inert gas atmosphere. In comp
son with earlier neutron-scattering measurements,40,42 it ap-
pears that this substantially reduces the elastic scatterin
discussed below.

The aerogel sample was not removed from the cell
characterization, but aerogels made under similar conditi
had porosities~determined from the density! of 94%. Elastic
neutron-scattering measurements down toQ50.02 Å21

were performed on IN12. The structure of the present aero
is the same as observed in other base-catalyzed aeroge
ing small-angle x-ray and neutron scattering,48 with a fractal
exponent ofD51.8.

High-purity 4He was condensed into the aerogel-fille
cell, which was mounted in a circulating3He cryostat. The
sample temperature, measured by a calibrated carbon r
tor, was stable within 5 mK. All measurements were p
formed at saturated vapor pressure. The scattering from
empty cell~aerogel only!, measured at low temperatures f
each wave vector, shows an elastic peak and an appr
mately flat background. A point-by-point subtraction w
used for the elastic peak (uvu,0.2 meV!, and a constant
background was subtracted outside the elastic-peak reg
The data were normalized with respect to the beam mon
after correction for the higher-order contamination in the
cident beam. The absolute normalization was made with
spect to previous measurements,45,49 and the resulting~reso-
lution broadened! S(Q,v) has units of meV21. Typical
examples are shown in Figs. 1–4.

Since previous neutron-scattering measurements indi
rather small changes of the scattering from4He in aerogel
compared with the bulk, the scattering from bulk4He con-
densed in a cell with identical dimensions was measured
each wave vector at the lowest temperature (T50.5 K! under
conditions identical to those for the aerogel sample, at
end of the aerogel experiment. In this way, it is not necess
to rely on the absolute energy calibration of the spectrom
in order to determine the shift of the peak inS(Q,v) due to
the aerogel. Another advantage of doing the bulk meas
ments under identical conditions to the aerogel is that
width measured at low temperatures in the bulk gives
rectly the instrumental resolution, since the intrinsic broa
ening of the sharp peak in bulk4He is negligible atT50.5
K.50,51

In previous measurements on nondeuterated aeroge
dispersionless feature at the roton energy was observed
all Q values, with an intensity of approximately 10% of th
roton intensity.42 This feature is observed in the present me
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57 10 777ELEMENTARY EXCITATIONS OF LIQUID 4He IN AEROGEL
surements on deuterated aerogel as well, but its intensi
reduced to only 1% of the roton intensity. This strongly su
gests that the feature is due to multiple scattering, i.e., ro
plus elastic scattering from the aerogel, as originally s
gested by Gibbset al.42 Since this multiple scattering probe
the density of states of the helium scattering, it is expecte
broaden with temperature, causing potential problems in a
lyzing the high-temperature data. The much smaller mag
tude of the multiple scattering in the present experiment
duces this problem to a negligible level.

III. RESULTS

The measuredS(Q,v) from 4He in aerogel is very simi-
lar to that in bulk4He. The only noticeable differences are
the shift and broadening of the sharp peak inS(Q,v), both
at low and high temperatures. These differences are v
small, and models need to be fitted to the data in orde
make the differences quantitative. The models are descr
in Sec. III A. The resulting fits toS(Q,v) are shown in Sec
III B, where most of the data is presented. From the anal
in Sec. III A, we extract excitation energies, widths, and
weight of the intensity in the single excitation component
S(Q,v) as a function of temperature, in Secs. III C, III D
and III E, respectively. At low temperatures, these quanti
are well defined. However, at temperatures above 1.8 K t
depend on how the data is analyzed, since the sin

FIG. 1. ~a! Raw spectra at the phonon wave vectorQ50.2 Å21

and T51.4 K. The long-dashed line shows the tail of the elas
scattering from the aerogel.~b! Temperature dependence of th
phonon peak position for4He in aerogel~full circles! compared to
bulk 4He ~open circle! ~Ref. 52!.
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excitation component ofS(Q,v) becomes rather broad.

A. Analysis

To analyze the data we have fitted the empirical relat
for S(Q,v), proposed by Woods and Svensson~WS!43 for
data in the bulk, toS(Q,v) in aerogel. This is

SWS~Q,v!5nSSS~Q,v!1nNSN~Q,v!, ~1!

wherenS5rS /r and nN5rN /r are the superfluid and nor
mal fractions of the density, respectively, withnS1nN51.
SN(Q,v) represents the broad scattering observed aboveTl ,
andSS(Q,v) is the sum of a sharp single excitation comp
nent, S1(Q,v), and a broad multiexcitation compone
SM(Q,v) that also exists at low temperatures,

nSSS~Q,v!5S1~Q,v!1nSSM~Q,v!. ~2!

FIG. 2. ~a! Temperature dependence of the dynamic struct
factor at the maxon wave vector. The solid lines show the result
WS fits. The different components of the fits are detailed in~b! for
T51.85 K.
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10 778 57PLANTEVIN, FÅK, GLYDE, BOSSY, AND BEAMISH
The single excitation peak is represented by

S1~Q,v!5
1

2p

1

12exp~2\v/kBT!
A1~Q,v!, ~3!

where

A1~Q,v!52ZQF GQ

~v2vQ!21GQ
2 2

GQ

~v1vQ!21GQ
2 G

5 2ZQF 4vvQGQ

~v22@vQ
2 1GQ

2 # !21~2vGQ!2G . ~4!

The response functionA1(Q,v) can be equally expressed a
the sum of two Lorentzians representing the Stokes and a
Stokes processes or as a damped harmonic oscillator~DHO!
function. In the first representation ofA1(Q,v), vQ is iden-
tified as the excitation energy whereas in the second,VQ

FIG. 3. ~a! Dynamic structure factor at the roton wave vector
T50.5 K andT52.0 K. The solid lines show the results of WS fit
The different components of the fits are detailed in~b! for T52.0
K.
ti-

5(vQ
2 1GQ

2 )1/2 is often identified as the excitation energy.
this work we usevQ . ZQ is the single-excitation weight
which is expected to scale withnS .

At T.Tl , wherenN51, SWS(Q,v) reduces toSN(Q,v).
In the present analysis,SN(Q,v) is determined by fitting Eq.
~1! to the broadS(Q,v) observed atT52.25 K. At the low-
est temperature wherenS51, SWS(Q,v) reduces to
SS(Q,v) which is determined by fitting to the observe
S(Q,v) at T50.5 K. The shape ofSN(Q,v) andSM(Q,v)
are assumed to be temperature independent. Typical fit
the WS decomposition are shown in Figs. 2–4~a! for differ-
entQ values and selected temperatures. For temperature
to about 1.8 K,S1(Q,v) is the dominating contribution, and
it remains rather sharp.SM(Q,v) andSN(Q,v) are consid-
erably weaker and broader thanS1(Q,v). The multiple scat-
tering component, observed atQ51.1 and 2.4 Å21, is even
weaker, and is modelled by a Gaussian somewhat bro

t FIG. 4. ~a! Temperature dependence of the dynamic struct
factor atQ52.4 Å21. The solid lines show the results of the W
fits. The different components of the fits are detailed in~b! for T
51.7 K.
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57 10 779ELEMENTARY EXCITATIONS OF LIQUID 4He IN AEROGEL
than the resolution, since it reflects the density of sta
rather than the roton excitation. From these fits, the par
eters forS1(Q,v), namelyZQ , vQ , andGQ , are extracted.
The results are discussed in Sec. III C-E.

We have also analyzed the data using a second met
denoted the simple subtraction~SS! method. In this case the
total scattering is represented by the sum of a single exc
tion componentS1(Q,v) given by Eqs.~3!, ~4! and a mul-
tiexcitation componentSm(Q,v),

SSS~Q,v!5S1~Q,v!1Sm~Q,v!. ~5!

Sm(Q,v) is assumed to be temperature independent, an
determined at the lowest temperature fromS(Q,v) after
subtracting off S1(Q,v), which at low T is simply a
resolution-broadened delta function. At higher temperatu
S1(Q,v) from Eqs.~3!, ~4! is fitted to the totalS(Q,v) after
subtracting offSm(Q,v), with ZQ , vQ , andGQ as free pa-
rameters. This method gives the same excitation energies
widths as the WS method up toT'1.8 K. ForT.1.8 K the
SS method gives larger single excitation widths at the ro
wave vector. Essentially, the intensity at the roton is entir
confined to a single peak atT50.5 K andSm(Q,v)'0. As a
result, in the SS approach,S1(Q,v) is fitted to the total
S(Q,v) at T50.5 K and subsequently at all temperatures.
contrast, in the WS method,S1(Q,v) is fitted only to the
peak region of the intensity, as shown in Fig. 3. Thus the W
method gives significantly narrower single excitation width
which we believe better represent the elementary excita
width in the superfluid.

B. Dynamic structure factor

The general shape of the dynamic structure factorS(Q,v)
observed in aerogel is the same as observed in the bulk
will here briefly describeS(Q,v) for the four measuredQ
values.

Figure 1~a! shows raw data in the phonon region atQ
50.2 Å21 and T51.4 K. The inelastic scattering from th
sound mode is confined to a single peak centered av
50.325 meV. This peak sits on the tail of the elastic scat
ing from the aerogel,which extends to finite energies due
the instrumental resolution. The elastic scattering from
aerogel increases rapidly asQ decreases, and with th
present aerogel sample it was not possible to mea
phonons for smallerQ values than 0.2 Å21. At T50.5 K
andQ50.2 Å21, the peak is sharp~resolution limited! and
asT increases the peak broadens. AtT51.4 K, the widthGQ
is 5.5meV. As in the bulk, there remains a well defined pe
aboveTl . Thus a sound mode propagates in normal liq
4He in aerogel as well as in the bulk. The mode energy
Q50.2 Å21 is approximately independent of temperatu
and has the same value as in the bulk@Fig. 1~b!#.52 There-
fore, if the phonon dispersion due to the aerogel is sign
cantly modified at low wave vectors, this happens
Q,0.2 Å21. From Fig. 1~a! we see also that there is n
additional scattering at low energies beyond that in the s
metric resolution peak, at least forv.0.2 meV. For v
,0.2 meV the intensity is dominated by elastic scatter
s
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from the aerogel. Because of this elastic scattering, it will
difficult in future experiments to investigateQ values less
than 0.2 Å21.

Figure 2~a! shows the temperature dependence ofS(Q,v)
at the maxon wave vectorQ51.1 Å21. As in the bulk, the
sharp peak at low temperatures, centered atv51.18 meV,
broadens with increasing temperature and its intensity dr
quickly. There is a substantial amount of multiexcitatio
SM(Q,v) as shown in Fig. 2~b!. In the roton region,Q
51.92 Å21, SM(Q,v) is negligible, as the intensity is con
fined almost entirely within a single peak centered atv
50.736 meV atT50.5 K @Fig. 3~a!#. Thus at higher tem-
peratures,S(Q,v) consists ofS1(Q,v) and nNSN(Q,v)
@see Fig. 3~b!#.

Figure 4~a! showsS(Q,v) observed atQ52.4 Å21 at
different temperatures. At low temperatures,S(Q,v) con-
tains a sharp peak centered atv51.24 meV that can be
identified asS1(Q,v). However, the component that is iden
tified as the multiexcitation componentSM(Q,v) in the WS
method@Fig. 4~b!#, is here stronger~in integrated intensity!
than S1(Q,v). The contribution from multiple scattering i
seen at energies of about 0.8 meV, i.e., below the pea
S1(Q,v). The temperature dependence ofS(Q,v) at all
theseQ values is the same as in the bulk.

C. Excitation energies

Figure 5 shows the single excitation energies at the ro
wave vector in aerogel and in the bulk obtained from t
present measurements and in the bulk measurement

FIG. 5. Comparison of the roton energies obtained from the
and SS methods both for4He in aerogel and for bulk4He. 45 Also
shown is the roton energy in the bulk obtained from the pres
measurements atT50.5 K ~cross!. The dashed line is the BPZ
expression Eq.~6!.
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10 780 57PLANTEVIN, FÅK, GLYDE, BOSSY, AND BEAMISH
Andersenet al.45 The energies obtained by fitting the W
and SS expressions agree up toT51.8 K but the two differ
at higher temperatures. This is found in both the aerogel
the bulk, and can be understood from the discussion of
two methods in Sec. III A. For reasons given there, we ret
the WS fitting procedure for the rest of this paper. Figure
shows also that the roton energy is systematically lowe
aerogel than in bulk, by about 862 meV. Since our bulk
measurements at the lowest temperature (T50.5 K! are
made using the same spectrometer under identical condi
as the aerogel measurements, no systematic errors sh
enter here, and the difference is most likely a physical eff
Previous precision measurements52,53 of the roton energyD
in the bulk provide a reference valueD50.74260.001 meV
(8.6160.01 K!.

To display the temperature dependence of the excita
energies, we have plotted the shiftdQ(T)5vQ(T)2vQ(0)
for both aerogel and the bulk in Fig. 6 forQ51.1, 1.92, and
2.4 Å21. For comparison, the aerogel results of Gib
et al.42 for the roton wave vector are also given. The pres
data suggest that there is no clear difference between
temperature dependence of the energies in aerogel and
bulk. The temperature dependence of the roton shift follo
quite well the Bedell-Pines-Zawadowski~BPZ! expression54

2dQ~T!52.130~110.0603T1/2!T1/2exp@2D~T!/kBT#
~6!

as shown by the dotted line in Fig. 6~b!. This expression
describes a four-quasiparticle process in which the obse
roton @of energyD(T)] is scattered by a thermally excite
roton to form two other quasiparticles, thus modifying t
roton energy and introducing a finite life time~see below!, as
first discussed by Landau and Khalatnikov.55 The shift and
the broadening are here proportional to the number of th
mally excited rotons. For the maxon andQ52.4 Å21, Eq.
~6! is not valid, and we use the empirical expression

2dQ~T!5aT1/2exp~2b/kBT! ~7!

to fit the bulk data witha and b as free~and temperature
independent! parameters, as shown by the line in Figs. 6~a!
and 6~c!.

D. Excitation widths

Figure 7 compares the intrinsic widthGQ(T) of the roton
using the SS and the WS fitting procedures discussed in
III A. The GQ(T) represents the half width at half maximu
of the part ofS(Q,v) that is attributed to the single excita
tion response. ForT.1.5 K, the widthGQ(T) in both the
bulk and in aerogel obtained using the SS method are m
larger than those obtained using the WS method. As
cussed in Sec. III A, we believe that the WS widths bet
represent the width of the single excitation, and this one
used hereafter.

Figure 8 shows the single excitation widthGQ(T) for both
aerogel and bulk atQ51.1, 1.92, and 2.4 Å21. For compari-
son, the aerogel results of Gibbset al.42 for the maxon and
roton are also given. The key feature in aerogel is thatGQ(T)
appears to saturate at a constant value for temperature
low T'1 K, whereasGQ(T) in the bulk decreases withou
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limit. The constant value is 362 meV, 661 meV, and 761
meV at Q51.1, 1.92, and 2.4 Å21, respectively.

In principle, some of this width could arise from multipl
scattering. Scattering from excitations havingQ values in the
immediate vicinity of the selectedQ can be redirected into
the selectedQ via a second elastic scattering event from t
aerogel. If these neighboring excitations have a different
ergy, a broadened peak is observed. At the maxon, the p
would broaden towards lower energies, since neighbor
excitations have lower energies. At the roton, the broaden
would be on the high-energy side of the peak. We obser
symmetric peaks at both the maxon and the roton, wh
were broader on both sides of the bulk reference peaks,
cept for the shift to lower energies discussed in Sec. II
@Fig. 9~a!#. By shifting the aerogel data to higher energi
and increasing its intensity@Fig. 9~b!#, the broadening is ap

FIG. 6. Temperature dependence of the shifts of the excita
energies both for4He in aerogel and for bulk4He 45,49 at Q51.1,
1.92, and 2.4 Å21. At the roton, the dotted line is the BPZ expre
sion Eq.~6! and the triangles are aerogel results from Gibbset al.
~Ref. 42!. At Q51.1 and 2.4 Å21, the lines are fits of the empirica
expression Eq.~7! for the bulk, to guide the eyes.
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parent to the naked eye without any fitting. Gibbset al.
found in their Monte Carlo simulations that multiple scatte
ing would not give rise to any excitation broadening.42 This
conclusion, if correct, would be valid even in our case, sin
the multiple scattering is much less in our deuterated aero
However, we cannot exclude that part or all of the broad
ing is due to multiple scattering.

The roton line width in the bulk is reasonably well d
scribed by the BPZ expression54

GQ~T!53.585~110.0603T1/2!T1/2exp@2D~T!/kBT#
~8!

@dashed line in Fig. 8~b!#. At the maxon and atQ52.4 Å21,
the empirical expression

GQ~T!5aT1/2exp~2b/T! ~9!

can be fitted to the bulk data, witha and b as free and
temperature independent parameters@dashed lines in Figs
8~a! and 8~c!#. In the aerogel, the same expressions can
used up toT'1.85 K if a constant value is added: 3.5meV
at Q51.1 Å21, 6 meV at Q51.92 Å21, and 7 meV at
Q52.4 Å21 ~solid lines in Fig. 8!.

E. Single excitation intensity

Figure 10 shows the parameterZQ(T) that characterizes
the intensity in the single excitation component ofS(Q,v),
obtained using the WS method. Also shown is the obser
superfluid density in the bulk multiplied by a constant fac
to best fit the data. To implement the WS method, we h
used the observed values of the normal densitynN in
nNSN(Q,v). As discussed by Mineev56 and Talbotet al.,44

the use of the observed bulk normal density innNSN(Q,v)
will lead to a ZQ(T) that must scale as the bulk superflu
density if the total static structure factorS(Q) is independent
of T. In bulk 4He, S(Q) for Q>1.1 Å21 is constant within

FIG. 7. Comparison of the roton widths half width at half max
mum ~HWHM! obtained from the WS and SS methods both
4He in aerogel and for bulk4He ~Ref. 45!. The dotted lines are
guides to the eyes.
-

e
el.
-

e

d
r
e

2–4 % betweenT50 K andTl .57 From Fig. 10 we see tha
ZQ(T) does indeed scale as the bulknS , except perhaps a
the roton where there is a deviation fromnS at intermediate
temperatures. OtherwiseZQ(T) scales withnS as in the bulk
within observed precision.

IV. DISCUSSION

Aerogels have a highly tenuous structure of irregula
connected silica strands. A typical aerogel with a porosity
95% ~i.e., silica occupying a fractionf 50.05 of the sample!
has a specific surface area of about 600 m2 per gram. From
the area per unit volumeA/V50.653106 cm21, an average
strand diameter~assuming cylindrical strands! can be deter-
mined, D54 f (V/A)532 Å. Typical spacing between

r

FIG. 8. Temperature dependence of the widthsGQ ~HWHM!
both for 4He in aerogel@from the present measurements and fro
Gibbset al. ~Ref. 42!# and for bulk 4He ~Refs. 45, 49! at Q51.1,
1.92, and 2.4 Å21. At the roton, the dotted line is the BPZ expre
sion Eq.~8!. At Q51.1 and 2.4 Å21, the dotted lines are fits of the
empirical expression~9! for the bulk. The solid lines are equal t
the dotted lines plus a constant value~see text!.
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strands can be estimated asd5(4p f )1/2(V/A)5125 Å.
Small-angle scattering, transmission-electron microscope
ages, and desorption measurements on similar aerogels
a distribution of pore length scales from a few to a fe
hundred Å. The first two layers of4He on the aerogel are
expected to be solidlike. The aerogel plus the solid4He lay-
ers bound to it may be viewed as strands of an elastic
dium having a different elastic constant traversing bulk l
uid 4He in a random manner. The mean free path in t
environment is typicallyl;4(V/A);700 Å or 1000 Å.58

This is much longer than the wavelength of the excitatio
investigated here.

From Fig. 1~b! we see that the energy of a phonon atQ

FIG. 9. ~a! Dynamic structure factor of4He in aerogel and of
bulk 4He at the roton atT50.5 K. The figure shows the shift of th
roton excitation.~b! Same data, but where the aerogel data h
been shifted in energy and multiplied by a scale factor such tha
peak position and peak height are the same as for the bulk d
This allows to visualize the broadening of the peak in aerogel.
dashed line is a Gaussian fit to the bulk data, and the solid line
fit to the aerogel data of Eqs.~3!, ~4! folded with the instrumenta
resolution.
-
ow

e-
-
s

s

50.2 Å21 propagating in this sample is independent of te
perature betweenT50.5 andT52.25 K and is the same a
in pure bulk liquid 4He within precision. Thus we observ
that the sound velocityc, defined byvQ5cQ, is unchanged
from the bulk and is the same in the superfluid and norm
phases. Zhang35 has evaluated the sound velocity of a dilu
Bose gas in a weak random potential within the Bogoliub
approximation. He found that the sound velocity of the B
goliubov phonons is reduced by disorder with a reduct
proportional to the square of the variance of the random
terface. To leading order, the width of the phonon is n
changed by the disorder. For bosons in a 2D lattice, Kra
et al.30 find c is reduced by a random potential. At th
present degree of disorder and at theQ50.2 Å21 investi-
gated, no reduction ofc is observed here. However, at high
wave vectors, at the maxon, roton, and atQ52.4 Å21, vQ
was shifted to lower values in aerogel.

Makivic et al.31 simulated bosons on a 2D lattice subje

e
e

ta.
e
a

FIG. 10. Temperature dependence of the intensity of the sin
excitation component~WS decomposition! at Q51.1, 1.92, and 2.4
Å 21 both for 4He in aerogel and for bulk4He ~Refs. 45, 49!. The
solid lines are proportional to the superfluid density in the bu
with a scale factor as indicated.
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to a random site potential. Their results suggested there w
additional excitations at low energy (v) induced by disorder
in this system. Such excitations would appear as additio
weight at lowv in S(Q,v) in the present sample. We do n
find additional intensity inS(Q,v) at low v at any wave
vector. From Fig. 1~a! we see thatS(Q,v) at Q50.2 Å21 is
dominated by elastic scattering from the aerogel in the lowv
(v'0) region. The elastic scattering from the present ae
gel sample is significantly smaller than that observed in p
vious measurements.38–42 Indeed, as noted in Sec. II, speci
care was taken to prepare the aerogel using deuterated m
rials and not to expose the aerogel to air to reduce the
drogen content and adsorbed impurities. For this reason,
given the nature of the elastic scattering from the aero
shown in Fig. 1~a!, it will be difficult to observe additional
weight in S(Q,v) at lower wave vectors and energies
future measurements. It is generally at lowQ and v that
additional weight arising from disorder is most expected
occur.

If there is localization of the liquid, especially of the co
densate, a gap in the dispersion curve atQ→0 is anticipated.
Specifically, if the superfluid to normal transition is asso
ated with localization by disorder, we anticipate a gap
pearing invQ in the normal phase. Since the phonon ene
at Q50.2 Å21 is independent of temperature and is t
same as in bulk liquid4He, the present data do not sugge
any gap formation in superfluid or normal4He induced by
aerogel at 95% porosity.

While the phonon energy atQ50.2 Å21 is approxi-
mately independent of temperature, the excitations ener
at all higher wave vectors decrease significantly with incre
ing temperature forT>1 K in both aerogel and in the bulk
To test whether this decrease was greater or less in ae
than in the bulk, we have plotted the shiftdQ(T)5vQ(T)
2vQ(0) for the two cases in Fig. 6. There we see that
aerogel the decrease is less at the maxon, greater atQ52.4
Å 21, and the same at the roton as in the bulk within t
present precision of measurements. Further measurem
are needed to confirm whether this variation ofdQ(T) with
Q is significant or not. At the rotonQ, Sokol, Gibbs, and
co-workers41,42found thatvQ(T) decreased significantly les
with increasing temperature in aerogel than in bulk liqu
4He. Their aerogel sample also showed significantly m
elastic scattering than the present sample. It is possible
the impact of the aerogel is greater in their case and
vQ(T) is not the same in the two samples. Further meas
ments are needed to explore the impact of different aero
and of different exposure to air onvQ(T).

Bogoliubov59 showed that the characteristic excitations
a dilute Bose gas, however weak the interaction, have e
gies of the phonon-roton form. The excitations in a dilute g
can be equally regarded as single quasiparticle or den
excitations. Gavoret and Nozie`res60 showed that the single
quasiparticle and density excitations of a strongly interact
Bose fluid have the same energy spectrum and that the
siparticle excitations appear as a component inS(Q,v). Es-
sentially, in a uniform Bose fluid there are no low-ener
excitations under the phonon-roton curve to which
phonons or rotons can decay.61 As a result the phonon-roto
lifetimes become infinite asT→0. These arguments hol
equally for a nonuniform Bose gas confined or trapped i
re
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smooth potential.62 In the present sample, we observe a fin
lifetime to the excitations at low temperature at the max
roton, and atQ52.4 Å21. This life time could arise from the
scattering of the phonon-roton excitations from the disord
from surfaces, and from changes of elastic properties in
duced by the aerogel.

Calculations and neutron-scattering measurements s
that liquid 4He on a substrate has a highly layered natu
Modes propagate in the individual layers often deno
‘‘layer phonons.’’37 These layer modes may be expected
exist in the4He layers adjacent to the aerogel in the pres
sample. The bulklike excitations observed here could sca
from the ‘‘layer phonons’’ leading to a finite width of th
bulk excitations.

The aerogel could also introduce a density variation in
liquid. Since 4He is attracted to the aerogel, the liquid4He
density near the aerogel is likely to be higher than the S
density. In bulk 4He, the excitation energy is a sensitiv
function of pressure. For example, the roton energy
creases by approximately 100meV between SVP and 20 ba
This change results from the density increase. The chang
the excitation energy with pressure is larger at the roton t
at the maxon. In the present case a spectrum of ener
would be observed resulting from scattering from differe
regions in the sample at different densities. The obser
averageS(Q,v) would have a width. The observed ha
width of 3 and 6meV at the maxon and roton wave vector
respectively, is not inconsistent with probable density var
tions in the sample. Further measurements are needed to
firm these widths and particularly their variation withQ.

As noted by Woods and Svensson,43 the intensity in the
single excitation peak, given byZQ(T), scales with tempera
ture approximately as the superfluid densityrS(T) in bulk
4He. An aim of the present measurement was to test whe
or not this approximate scaling persisted in systems in wh
rS(T) is modified by disorder. One of the difficulties in ca
rying out such a test is finding a model-independent met
of analyzingS(Q,v). Here we have used the Woods an
Svensson decomposition ofS(Q,v), exactly as used
in the bulk, with nN(T)5rN(T)/r512rS(T)/r in
nN(T)SN(Q,v) given by the observed normal density
bulk 4He. This provides a good general description
S(Q,v) and its temperature dependence. We see also f
Fig. 10 thatZQ(T) in the present aerogel sample scales w
T as the bulknS(T) within precision. Certainly the aeroge
data, analyzed using exactly the same procedure as the
and using the bulknN(T) as input innN(T)SN(Q,v), does
not show any new features reflecting the differentrS(T) in
aerogel. At the same time, as noted above, ifS(Q) is con-
stant and if the bulknN(T) is used innN(T)SN(Q,v), then
we expect theZQ(T) to scale as the bulknS(T). A more
critical test of the temperature dependence ofZQ(T) is really
needed. Microscopically, we expectZQ(T) to be related to
the condensate fraction.61
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