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Excitations in liquid “He in Geltech silica and localized Bose condensation
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We have measured the elementary excitations of lidlki¢ confined in Geltech silica for temperatures
between 35 mK and 2.5 K using inelastic neutron scattering techniques. Geltech is a 40-50% porous media.
The pore volume diameters are concentrated at 25 A with at most a few percent of the volume consisting of
larger pores of diameter less than 70 A. We observe well-defined phonon—roton excitations at all wave
vectorsQ investigated (0.4Q=2.1 A 1). Also observed are two-dimensional layer modes propagating in
the liquid layers adjacent to the media walls. These are identified as layer modes by measuring the dynamical
structure factor of liquid*He as a function of filling of the Geltech. At partial fillings, the energies and
lifetimes of the three-dimensional phonon—roton mode differ somewhat from the bulk supéHeiigalues.

At full filling they are the same within current precision. Most interestingly, we observe a well-defined
phonon-roton excitation above the superfluid-normal transifipn 0.725 K as determined in a torsional
oscillator measurement. Observation of a well defined maxon—roton aoweGeltech suggests, as in the

case of Wecor, that there is localized Bose—Einstein condensation with phase coherence on short length scales
above the macroscopic superfluid transition temperature.

DOI: 10.1103/PhysRevB.65.224505 PACS nuntder67.40—w, 61.12.Ex

. INTRODUCTION phonon—roton excitations of superfluitHe in Wcor and
aerogel are the same as in the bulk both at low temperature
The dynamics of fluids, polymers, and macromolecules irand as a function of temperatut&°In addition, super-
confined geometries is a topic of great current intetéstr  fluid “He in Weor*1® and aerogéf!® supports a two-
uid “He confined in porous media such as \Wcor and aerogefimensional(2D) mode that propagates in the liquid layers
is a prototype example of a Bose quantum liquid in confine-adjacent to the media walls. This new mode is clearly ob-
ment and disordér.® While the superfluid and thermody- served at wave vectors in the roton regidni®and appears to
namic properties of liquidtHe in a wide variety of porous be the same as the 2D mode observed in superfluid
media have been extensively investigatédneasurements “He films on surfacés®!® and inferred from specific
of the dynamics by inelastic neutron scattering have onlyheafoﬂand superfluid densify measurements in Vcor, for
recently begurd.To date, measurements of the excitations inexample.
aerogel of 95% and 87% porosfty*®in Wecor,***®and in An interesting observatidnin \Wcor is that the weight of
xeroget® have been reported. A brief report on Geltech silicathe 3D phonon—roton excitation in the total dynamic struc-
has appearetl. The aim of the measurements is to revealture factor,S(Q,w), does not scale with the superfluid den-
how confinement and disorder modifies the characteristisity, ps(T). There is weight in the p—r excitation above the
phonon—rotor{p—r) excitations from the bulk superfluid val- superfluid—normal transition temperatuiig,, as determined
ues, whether it creates new excitations and, where possiblby torsional oscillator experiment$? for example. This
relate changes to observed thermodynamic properties. suggestS*°that there is localized Bose—Einstein condensa-
The basic finding to date is that, within current precision,tion (BEC) aboveT. wherepg(T)=0. Specifically, bulk su-
the energies and lifetimes of the three-dimensio(giD) perfluid “He at low temperature supports a uniquely sharp
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density (phonon-rotoh excitation up to wave vectors of 490 —r-—r——r——T——r——r——r—

3.6 A~1. As temperature is increased, the excitation broad- Geltech ¢ ]
ens and above the superfluid to normal transition, ( - ]
=2.172 K at SVP, normal “He does not support a well- ——-—-—e————5o—®- ool — - ]
defined density excitation at wave vectors higher than the 30F o 00 ]

phonon region ©=0.7 A™1). This is clear at the maxon
wave vector Q=1.1 A1) and at wave vectors beyond the
roton (Q=2.5 A~') where normal®He supports only a
broad response centered at high energy near the free atom
recoil energy characteristic of scattering from weakly inter-
acting particle—hole excitations. An interesting finding is that
“He in Wcor does support a well defined, though thermally ® T=14K ]
broadened, p-r excitation at higher wave vecto®@ ( O T=2.6K]
=0.7 A1) aboveT,. Since well defined p—r excitations ]
are associated with the existence of Bose—Einstein
condensatioA??® this finding suggests there is localized . . ]
BEC in Wecor above the superfluid—normal transition tem- 00 02 04 06 03 10 12
peratureT.=1.95 K observed in a macroscopic measure-

ment of superfluidity:?3 That is, neutron scattering is a local P/P,
probe and could reveal “localized BE(local phase coher- FIG. 1. “He pressure isotherms in 25 A pore diameter Geltech
ence via the excitations that does not extend across the.. . .

Silica. The dashed line gives the total capa¢gf.1 mmo) and the
whole Sa”’.'p'e- Phase coh_erence across the whole Samples%ﬁd line gives the “monolayer capacity25 mmo) of the sample.
observed in torsional oscillator experiments may require a
lower temperature. mm height each. The rods were baked and flushed under a

In this paper we present measurements of excitations imixture of deuterated water and methanol to replace as much
Geltech silica, a porous media similar to aerogel consistingis possible of the hydrogen contained in the Ogtroups
of interconnected pore volumes of predominantly 25 A di-attached to the walls of the sample by deuterium. This clean-
ameter. The aim is to investigate excitations in smaller poréng and substitution was performed in order to reduce the
media where the effects of confinement and disorder woul@lastic scattering from the Geltech sample. We also took spe-
be greater. In particular, in Geltech silica at 88% filling thecial care thereafter never to expose the Geltech sample to air.
transition from normal to superfluidHe observed in a tor- Helium pressure isotherm measurements were made on
sional oscillator measureméhiis reduced toT.=0.725 K  one of the rods at 1.4 K and 2.6 K as shown in Fig. 1. The
reflecting the smaller pore diameters. We find that liquidweight and volume of the rod was 2.08% g and
“He in Geltech indeed supports phonon-roton excitationd.56(6) cni, respectively. Using the bulk value for the den-
above the superfluid—normal transition temperatdig  sity of silica, 2.2 g/cm, these values give a porosity of 40%.
=0.725 K. This reproduces the finding in Wcor noted From Fig 1 a total absorption capacity of 32.1 mmol of
above and provides further support for the concept of local#He for the samplg15.6 mmol/g and 20.6 mmol/cth is
ized BEC aboveT, confined within pores. The energies and obtained. Miyamoto and Takaffoquote a total absorption
lifetimes of the phonon—roton excitations are similar to thosecapacity of 22.7 mmol/cffor their sample. A Brunauer,
in bulk superfluid*He with some small differences observed EImet, and Telle(BET) analysis yields a “monolayer” ab-
at partial fillings. We also observe the 2D layer modes foundsorption capacity of 25.0 mmol or 12.2 mmol/g. The corre-
in Vwcor and aerogel at wave vectors in the roton region. Insponding BET surface area of the sample is approximately
addition we observe a relatively weak, nearly energy-1500 nf or 950 nf/cm®. Assuming, as a simple model, that
independent inelastic response at all wave vectors that aphe pores consist entirely of cylinders of 25 A diameter, the
pears first just after onéHe layer is complete, which corre- area per volume is 4/25 A or 640 nf/cm®. Thus Geltech
sponds to approximately 50% filling. The intensity of this must contain significant microporosity or the “monolayer”
response does not increase beyond 70% filling and is indezapacity should be interpreted as all thide that is tightly
pendent of temperature up 16=2.5 K. bound to the surface. The simple model also predicts that

In Sec. Il we describe the experiment. The results at Iow62% of the total capacity is in the first layeé3% in the first
temperature as a function of filling of the Geltech and as awo layers. The “monolayer” capacity shown in Fig. 1 is
function of temperature are presented in Sec. Ill. The inter78% of the total. As will be seen below, excitations in the
pretation of the results is discussed in Sec. IV. liquid begin to propagate at 70% filling. We therefore inter-
pret the “monolayer” capacity shown in Fig. 1 as an esti-
mate of the “deadlayer” capacity.

An important matter is the distribution of the size of the

Geltech is a porous silica glass having nominally 25 Apores. Figure 1 shows that at 90% fillimgp,=0.3 and at
pore diameters produced using the sol—gel technique by th@5% filling, p/po=0.5. Thus even for the last 5% dHe
Geltech CorporatioA’ Our sample consisted of two cylindri- entering the Geltech, the vapor pressure is still much less
cal rods of Geltech of approximately 10 mm diameter and 2@han the bulk valuep,. The last few percent dfHe entering
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é from BET analysis ]

N,4s (mmol)

sample mass: 2.056 g

IIl. EXPERIMENT
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Geltech is still tightly bound to the Geltech surface in small 030 ——4———7—+—++7 7+

pores. Figure 1 is consistent with tiN, isotherms carried ~ :S *He in Geltech (@)

out by the Geltech corporation. Comparing Fig. 1 with iso- -,‘go'25 T Q=110A" ]
$ T=35mK o eco 1

suggests any larger pores in Geltech have diameters less than
those in Wcor (70 A).

Thus the isotherm measurements show that the Geltech
sample contains uniform diameter pores, nominally 25 A,
with at most a few percent of the volume consisting of larger
pores of diameter less than 70 A. At full filling, the two rod
sample holds 1.78 chof liquid “He atT=1.4 K and SVP. 0.00
This sample was fitted in a cylindrical aluminum sample cell.
The total free volume between the Geltech sample and the
cell walls, arising from variations in sample diameter, was
measured to be 0.22 éniThe sample cell was mounted in a
dilution refrigerator, which was installed on the neutron
spectrometer.

The measurements were performed on the IN6 time-of-
flight spectrometer at the high-flux reactor of the Institut
Laue—Langevin, using an incident neutron energy of 3.83
meV and an energy resolutigiWHM) of about 110 neV.

We performed standard data treatment in order to obtain the
dynamical structure facto8(Q,w) of liquid *He in the
Geltech sample. The integrated intensity of the sharp excita-
tion peak observed in the datsee below Fig. ¥is normal-

ized to bulk measuremert8As the data contains other fea-
tures, this normalization is not absolute, but allows a direct
comparison with spectra obtained from butkle. We ob-
tained S(Q,w) over a wide wave-vector range, &Q
<2.1 A1 at low temperaturgbetween 35 mK and 0.3 K, 01
depending on the filling studieénd for several fillings be- 0.0
tween 56% and 105% of the full samplE05% corresponds

to a fully filled Geltech sample plus approximately 0.1 *cm

of liquid “He in the ggp For a filling fraction of 83%, we FIG. 2. Spectra obtained at low temperature before any back-
measured the dynamical structure factor at three_low temgjround substraction at the max@a, between the maxon and the
peratures T=35 mK, 0.1 K, and 0.75 K For the slightly 1410 (b), and at the roton wave vectés) for partial fillings of 56%
over-full sample, we measured the temperature dependenggpen circles and 83%(solid circles at low temperature35 mK)

of the dynamical structure factor betwe&s 35 mK andT as well as for the empty Geltech sampé®lid line) at T=50 K.

=2.5 K. The scattering from the empty Geltech sample wasThe peaks centered about 0.45 meV and 1.65 meV seen in the
also measured afl=50 K. In a separate measurement onempty Geltech sample data are parasite peaks corresponding to
the same spectrometer, we measured the scattering from tkeattering by the cryostat walls.

sample cell completely ful{Geltech sampler free volume

of 0.22 cn? between the sample and the cell walt low  wave vectors investigated 64Q<2.1 A%, plus a nearly
temperatureT=0.5 K. constant inelastic intensity in the energy range <Oub
=<2.0 meV. Energies outside this range were not investi-
gated. As discussed in the text, the origin of this nearly en-
ergy independent and temperature independept to T

Figure 2 shows the observed intensity of inelastic neutron=2.5 K) intensity is not known.
scattering from superfluidHe in Geltech silica as a func- Figure 3 shows the dynamical structure facts(Q,),
tion of energy transfer for different fillings and for the empty of superfluid *He in Geltech at low temperatureT (
Geltech sample, measuredTat 50 K. Since the empty cell =<0.3 K) for fillings between 60% and 105%. At 60%, fill-
measurement was taken at a higher temperature, the obig S(Q,w) is very small or negligible. At 68% filling,
served intensity next to the elastic peak can be higher tha8(Q,w) is largely constan{independent ofv) over the en-
the filled sample case, due to low-energy excitations irergy range shown. The excitation is seen first at 76% filling.
Geltech itself. The 56% full and empty cell intensities areAt 105% filling the excitation is sharp and comparable to
very similar showing that there is little or no intensity arising that observed in bulk superfluitHe. Assuming Geltech con-
from the *He up to 56% filling and we have therefore taken sists of 25 A diameter, cylindrical pores and that the densi-
the 56% filling data as the reference, background data. Afies in the first and secontHe layers on the Geltech are the
83% filling the data show a well-defined excitation at all same as observed on graphite, the first layer on Geltech takes
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FIG. 3. Low temperature dynamical structure factor of liquid ’ T ((;)
“He in Geltech aR=1.70 A~! (a) and at the roton wave vector *He in Geltech 105 %
(b) for several fillings as indicated. 8 | Q=2.004" |
up 52% of the totafHe volume required to fill the pores, the
two first layers 83%. This calculation provides only a most 3 6
approximate indication. Also, the pores will fill irregularly o
with some crevices filling by capillary action after the first » 1
layer is complete.
In Fig. 4 we show fits taS(Q,w) that we performed in
order to interpret the data. There are clearly three compo- 2
nents. The main peak is interpreted as the 3D roton excita-
tion as observed in bulk superfluitHe. The broad peak

centered below the 3D excitation energy is the 2D layer 0

mode, as observed in Wcor and in aerogel of 87% porosity.

Its width is approximately three times the energy resolution

in the present experiment. This 2D layer mode propagates in FIG. 4. S(Q,w) at low temperature of liquidHe in Geltech

the liquid layers next to the media walls. The 2D layer modenear the roton wave vector for a filling of 76%4), 83% (b), and

is not observed at fillings of 68% or less. It is first observed105% (c). The dotted line represents the broad, constant, contribu-

at 76% filling. The intensity in the mode increases betweenion. The dashed and long-dashed lines represent, respectively, 3D-

68% and 83% filling and saturates at higher fillings. Theroton and 2D-roton excitations. The solid line is the sum of the

third component is nearly energy independent with a verythree components.

broad maximum somewhat above the 3D excitation energy.

The intensity in this very broad component does not increasélling less rapidly than that in the 3D mode. In aerolfet?

significantly with filling beyond 76%. the intensity in the 2D mode saturates with filling. After
Figure 5 shows the integrated intensity in the 2D layerseven layers were deposited in aerogel, the intensity did not

mode and the 3D mode =2.00 A~! as a function of increase further. In Geltech, the second layer fills between

filling. The relative intensity in the 2D and 3D components 52% and 83% filling and full filling corresponds to one/three

of S(Q,w) depends somewhat on the way the data at lowiquid layers. The data in Fig. 5 is consistent with saturation

filling (e.g., at 76% s fitted. At 68% filling we do not ob- of the 2D mode intensity with filling if sufficient layers could

serve any 2D or 3D mode. Intensity in the modes is first seebe deposited. In Fig. 5 the 2D mode intensity is fitted to the

at 76% filling. The intensity in the 2D mode increases withempirical expression introduced by Thomlinsenal?® for

0.2 04 0.6 0.8 1.0 1.2
Energy (meV)
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= T<0.12 K 1.0 | 4
B
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0.0 . ! . ! 0.2 +/ © 105 % 2D Excitation -
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Filling fraction (%) 0.0 0.5 1.0 15 2.0 25

-1
FIG. 5. Integrated intensity of the 3D bulklike rotopen Q&%
circles and the 2D layer modé&losed circlesin superfluid “He FIG. 6. Low temperature 3D phonon—roton and 2D excitation

in Geltech silica aff<0.12 K as a function of filling. The solid  energy dispersion curves of liquitHe in Geltech for a filling of
lines show a linear fit to the 3D mode and a fit of the empirical 8304 (closed symbols and 105%open symbols

expression introduced by Thomlinsen al. (Ref. 29 given by Eq.

(1) to the 2D mode. Similarly, from fits of the type shown in Fig. 4, we obtain

the full width at half maximum and the weight in the 3D
phonon-roton excitation shown in Figs(ay and 7b), re-
1(x)=1.{1—ex — (x—Xo)/ {1}, (1)  spectively. At 83% filling, the width is definitely larger than
that in the bulk(see Refs. 15 and 28or wave vectorsQ
wherex is the filling fraction,x, the value ok where the 2D = 1.5 A~ At 105% filling, the width may be marginally
intensity starts to grow, andlis a characteristic filling thick- greater than in the bulk. However, a separate fit to the data
ness. This expression describes the filling dependence wedhows that the width of the net intensity added between 83%
for films on graphité® and in aerogéf'® and is consistent
with the present data. The parameter values obtained from 55

helium on graphite,

the fit shown in Fig. 5 ard..=0.64, x,=70%, and{ B 4Hein(|3eltech ' @

=19%. , , 00§ } T=35 mK b @
The intensity in the 3D mode increases linearly with fill- < ¢

ing. At 105% filling there is some bulk liquidHe around & o145 | |

the sample. The Geltech sample holds a volume of 1.78 cm g

of liquid *He at SVP. There is a gap of 0.22 taround the -g 010 L i

sample—between the sample and the cell wall. Measurez
ments of the 3D roton intensity when the Geltech and the gap& 0.05
are completely full, show that at 105% filling the gap is
approximately half full. At 105% filling, approximately 2/3 0.00 | | | |

of the 3D roton intensity shown in Fig. 5 comes frdide in ! ! ! ] b
the Geltech, and 1/3 from bulkHe in the gap. All of the 2D 10 F ;Ifgé“ Glglted‘ ®
mode intensity must come from liquitHe in the Geltech. o m

From fits of the type shown in Fig. 4, we obtain the 3D 08 |- Bulk *He 7
phonon-roton excitation energyyg, shown in Fig. 6. o 06 L ® 8%
Within the present precisiofthe size of the circles the 3D N
phonon-roton energy of superfluftie observed in Geltech 04

silica at full filling (105% is the same as in the bulk. In the
roton region, the mode energy in Geltech silica at 83% filling 02 - accc e
may be somewnhat less than that in the bulk. As in Wcor and e il T | |
aerogelt*a 2D layer mode can be identified for wave vectors 0.0 0.5 1.0 .15 2.0 2.5
in the roton region, 1ZQ=<2.1 A~1. At lower Q, (Q QA%

<1.7 A1), a 2D mode component could not be distin-

; FIG. 7. phonon-roton full width at half maximufa) and rela-
guished from the 3D mode and the very broad component of e weignt(b) of liquid “He in Geltech for a filling of 83%closed

S(Q,®). The energy of the 2D layer mode at the roton wavesympolg, and 105%(open symbols The weights in(b) are nor-
vector in Geltech silica,A;p=0.59(1) meV, lies be- malized to the bulk value &@=1.95 A~L. The solid lines corre-
tween the value observed in Wcpd,5=0.55(1) meV spond to bulk liquid*He; (a) measured in a previous experiment on
and that observed in 87% porous aerogel,p,  the same spectrometéRef. 15 and(b) values from the literature
=0.63(1) me\.t2131° (Ref. 30.
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FIG. 8. Dynamic structure factor of liquitHe in Geltech at the

roton wave vector for a filling of 83% at temperatures as shown. ZT;HAZ

20 -
and 105% is the same as in the b[dkee Fig. 7a)]. Thus, the
apparently larger width at 105% arises entirely from super- /\ T=0.50 K
fluid “He in those regions that are filled before the Geltech 15
is 83% full. The intensity in the phonon-roton excitation at \ u,/f\ \

83% filling also differs somewhat from that in the bdfk.

In Fig. 8 we showS(Q,w) at the roton wave vector in
Geltech at 83% filling at two low temperaturesT (
=35 mK andT=0.1 K) and atT=0.75 K. In this tem-
perature rangeS(Q,w) does not change significantly with
temperature except for a possible lowering of the peak height

at the intermediate temperatufe=0.1 K. In bulk *He the P it ol it it . oas

weight of the single phonon-roton iI5(Q,w) for Q 02 04 06 08 1.0 12 14

= 0.7 A1 scales approximately with the superfluid den- nergy (meV)

sity ps(T) [or condensate fractiong(T)]. At temperatures FIG. 9. Dynamic structure factor of liquitHe in Geltech for a

aboveT,=2.17 Kwherepg(T)=0, the intensity that was in filling of 105% (upper panéland of bulk liquid*He (lower pane)

the sharp phonon-roton peak at low temperature is spreaat the roton wave vector at temperatures as shown. The dotted line
over a wide energy range with no clear excitation remainingrepresents the broad temperature-independent contribution.

If this scaling carried over to liquidHe in Geltech, where
T.=0.725 K as observed in a torsional oscillator
experimer® and pg(T)=0 for T>T,, we would expect to
see a significant temperature dependenc®( ¥, ) between
T=0.1 K and T=0.75 K (T>T,) and only a broad
S(Q,w) would remain abovd .. This is clearly not the case.

T.=0.725 K. Specifically, we observe a well-defined roton
peak at temperaturé>T; in Geltech wherepg(T)=0 as
observed in a torsional oscillator experiment. Since the exis-
tence of well-defined excitations at higher wave vectors

The 3D roton and 2D layer mode componentsS¢6), w) above the phonpfsound region depends on the e>.<istence of
remain well defined up @, and display no significant tem- & Bose—Einstein condensa(BEC), the observation of a
perature dependendsee Fig. 8 well-defined roton peak abovi, suggests that there is Bose

Figure 9 shows the temperature dependenc®(@ w) in ~ condensation abov&; in Geltech. This BEC is probably
Geltech at 105% filling and in bulk liquidHe from low localized in favorable pores providing phase coherence over
temperature toT>T,. At low temperaturesS(Q,w) in  Pore size distances only. Superfluidity would be observed in
Geltech displays a well-defined 3D roton peak and a 20forsional oscillator experiments only at lower temperatures
layer mode at lowew as shown in more detail in Fig(¢). ~ When this phase coherence extends across the whole sample.
In the bulk, only the 3D roton is observed. As the tempera-
ture is increased, the height of the 3D roton peak and the

weight in the 2D mode decreases. By 1.5 K, a 2D layer IV. DISCUSSION
mode is not needed to get a good fit$(Q,w) in Geltech.
At the temperaturel=1.5 K and above, there is no evi- S(Q,w) of liquid “He in Geltech silica observed here

dence for a 2D layer mode in Geltech. The weight in the 3Dhas three components: a broad nearly energy independent
roton peak scales with similarly in Geltech and in the bulk. component that extends over the whole energy range inves-
If the weight in the well-defined roton peak scaled withtigated, a layer mode at wave vectors in the roton region
ps(T) in Geltech, we would expect to see a rapid temperaand a 3D phonon—roton excitation at all wave vectors
ture dependence &(Q,w) in Geltech sinc® pg(T)—0 at  investigated.
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A. Filling dependence peak and which leads to the asymmetric roton peaks shown

Each component has a different filling dependence. Thd! the upper frame of Fig. 9 ar=35 mK, is difficult to
broad component is first observed at 60% filling and thedetermine unambiguously. At higher temperature the peaks

intensity in it does not increase further beyond 68% filling. &€ €SS asymmetric suggesting that the 2D intensity is
The first layer of*He on the Geltech walls surface is com- smaller at hlghe.r temperature. Also, a_good f|t to th.ese broad-
plete at approximately 52% filling, a value obtained if we ened asymmetric peaks can be obtained without mcludmg a
assume cylindrical pores of 25 A diameter afide layer 2D mode at highell. However, because the 3D mode domi-
densities as observed on grapRReThis first layer is ex- NatesS(Q,w) and itself broadens with increasing tempera-
pected to be tightly bound to the substrate. After the firsture it is difficult to determine the temperature dependence of
layer is complete, the filling is expected to be liquid andth® 2D mode with any certainty. , _ ,
irregular by capillary action, with some regions filling much ;I'hQT dependence of the 3D mode is most interesting. At
more completely than others. If Geltech was filled by layers83% filling, as shown in Fig. 8, the roton has jﬁodepen-

the second liquid layer would be complete at approximatelyd€nce between low andT=0.75 K, as in bulk®He. The
83% filling. Thus the broad component arises from someD roton shows no loss of intensity or broadening over_thls
dynamic process involving the atoms added just after the fird€Mmperature range. At 83% filling ttéHe vapor pressure is

layer is complete. The intensity of scattering from the pro-Much less than the bulk value so that all tﬂ_d‘? is in the
cess is also unaffected by the addition of furtfele layers Geltech. Miyamoto and Takefibfind that at a filling of 88%

(beyond 68% filling. A broad component has not been re- the macroscopic superfluid .density in Geltech goes from
ported in Wcor and aerogel. However the fraction4fe ~ Ps(T) =1 t0p5(T) =0 over thisT range. Thus the 3D roton
close to a surface is much higher in the present Geltecilténsity does not scale withs(T) in Geltech as it does in
sample than in Wcor or aerogel. For example, the surfacéhe bulk. Particularly there is a weII-(_jefmed 3D e>_<C|tat|on in
area in Geltech is 650—900 2lem® compared to approxi- Ce€ltech forT>T. wherepg(T)=0. Since well-defined p—r
mately 170 ri/cn? in aerogel and Wcor. In a second ex- excitations are usually associated with BEC, this suggests
periment on the present Geltech sample, we observed Rat there is BEC in Geltech at temperatures abbyeSimi-
somewhat more intense broad component than shown her&!y; at 105% filling where approximately 2/3 of the inten-
suggesting that the intensity in the broad component is ser§ty comes from liquid’He in Geltech(the rest comes from
sitive to the surface condition. the surrounding bulk liquid the temperature dependence of
The 2D layer mode is observed first at 76% filling, beforeth® 3D roton mode shown in Fig. 9 is very similar to that in
the second layeffirst liquid layep is complete. In aerogel, the bulk. In the bulk, the intensity in the ph_onon—roton mode
the 2D layer mode propagates in the third to sixth liquidfor wave vectors beyond the phonon regid@x0.7 AT
layer adjacent to the media walls. In Geltech, the layer modéS .obsselr_\é(sad to scale approximately ag(T). Glyde and
begins at lower coveragéorresponding to less than one Griffin have proposed that this scaling really follows the
complete liquid layeralthough as noted, the Geltech prob- condensate fractiomo(T) rather thanpg(T), since well-
ably fills very irregularly with some regions having signifi- defined excitations in a Bose fluid are associated with a con-

cantly thicker coverage than others. The intensity in the layefl@nsate. Since the temperature dependence of the intensity in

mode saturates at higher fillings as in aerdgel. the 3D mode in Geltech is similar to that in bulk superfluid
The third component, the 3D phonon—roton excitation, is*He this suggests that there is a localized Bose condensate

observed at fillings of 76% and above. At partial fillings, fractionne(T) in Geltech abovd’, that has & dependence

such as 83%, the phonon—roton energy is slightly lower thagimilar to that in bulk*He.

the bulk value. This is opposite to aerogel, where the energy

at partial fillings is higher than in bulkHe. Thep—r mode C. Localized Bose-Einstein condensate

arising from the*He added beyond 83% filling has the same

energy as in the bulk. To suggest a possible picture He in porous media

consistent with this temperature dependence, we note that the
normal to superfluid transition temperatui&, in confine-
B. Temperature dependence ment as observed in torsional oscillat@iO) measurements

The temperature dependence of each component is aldégs below that in the bulkT,=2.172 K. The greater the
interesting. The broad component observed in Geltech aglegree of confinement, the lowerTs. In fully filled aerogel
pears to be independent of temperature. For example, tH@ore diametersi>100 A), Wcor (d~70 A) and Geltech
broad component identified in Fig. 4 at Idis shown as the silica (d~25 A), T.=2.167 K, T,=1.95 K, and T,
dashed line in the upper frame of Fig. 9. &35 mK in  =0.725 K, respectivel§*®
Fig. 9, this broad component appears as additional intensity At low T, the thermal de Broglie wavelength dHe
observed in Geltech that is not observed in bite (lower  atoms is longe.g., atT=20 mK,A=60 A). Atlow T and
frame of Fig. 9. There appears to be additional intensity low coveraggdilute), “He in Wcor appears to behave like a
observed in Geltech that is not seen in the bulk at all temBose gas’ That is, at low coverages ttiHe atomsabove
peratures in Fig. 9 suggesting a broad component in Geltech completed inert layer ofHe on the Wcor wallstranslate
that is approximately independent ©f freely along the interconnected Wcor pores ans compa-

The temperature dependence of the 2D mode, which corable to the interatomic spacing (40 A) and to the Wcor
tributes intensity at energies below the main 3D excitatiorpore diameter. The observéd is quite well reproduced by
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the expression for Bose—Einstein condensation in a buliklom disorder described by a white noise spectrum. The dis-
ideal Bose gaa\3=2.612. Particularly, the observed changeorder depletes both the condensate and the superfluid density.

of T, with *He density in Wcor arising from the interac-
tion between théHe atoms appears to agree wWelith the
predictions for an ideal Bose ga&&Thus at lowT and low
coverages wherk is comparable tal, confinement does not
appear to cutoff or shortex below ideal gas values.

At T=0 K the depletion of the superfluid density is greater
than that of the condensate by a factor of 4/3 so that it is
possible to have zero superfluid density and a finite conden-
sate fraction. This effect is attributed to localization of the
condensate or dragging of the superfluid by the quenched

As T is increased\ shortens and becomes less than typi-disorder.

cal pore volume diametef®.g., atT=1 K, A\~10 A). At

liquid “He densities\ is greater than the interatomic spac-

Sheshardréet al®’ consider a Hubbard model with on-site
disorder. Within a mean field model, they find localized re-

ing (3.7 A). At these densities and temperatures the dilutgions of phase coherence. The transitions to superfluidity is
gas picture does not hold and confinement/disorder appeaa§s_00|ated with the 10|.n|n§percolat|0|) of these localized
to be able to shorten or cutoff the wave function or otherwisgegions so that there is phase coherence across the whole

reduce coherencé&educeT,.) below bulk values. As noted
the reduction ofT. depends on the confining medithe
degree of confinementWithin a given medium, this could

sample(see also Huan¥) Krauth et al>® have simulated
bosons on a 2D lattice having site disorder and on-site inter-
boson repulsion. For a given on-site repulsion, there is a

also be the case so that we have BEC in large pore volumestitical value of the disorder at which the superfluid density
but not in necks between pore volumes or in small poregoes to zero. The transition from finite to zgyg(T) is as-

volumes. In a specific range ®f there could be BEQphase

sociated with a transition to a disorder-localized phdsese

coherencglocalized in the larger pores separated by regionglass or Mott localized phase

of normal fluid in necks and small volumes, much as in

Effects of localized superfluidity abovie, have been ob-

Josephson junction arrays. Macroscopic superfluidity acrosserved in aerogéf! For example, a fountain pressure above

the whole sample would be observed at a lowevhen the

T. has been observed which suggests a pressure arising

phase coherent regions overlap so there is phase cohererfeem superfluidity abovd ., perhaps localized in larger pore

across the whole sample. This lower temperature defiges
At a higher temperatur@> T there could be a BEC local-

regions but not extending across the whole sample.
In future work, we plan direct observation of the conden-

ized in the larger pores only, up to temperatures close téate in porous media by inelastic neutron scattering at high
T, as in aerogel. In this picture, we observe well-definedmomentum transfers.

excitations in neutron scattering measurements afigQuze-
cause there is BEC in the larger pores abdyeWhere there
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