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Onset of superfluidity in “He films adsorbed on disordered substrates
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We have studiedHe films adsorbed in two porous glasses, aerogel and Vycor, using high-precision tor-
sional oscillator and dc calorimetry techniques. Our investigation focused on the onset of superfluidity at low
temperatures as thtHe coverage is increased. Torsional oscillator measurements dHheerogel system
were used to determine the superfluid density of films with transition temperatures as low as 20 mK. Heat
capacity measurements of tHele-Vycor system probed the excitation spectrum of both nonsuperfluid and
superfluid films for temperatures down to 10 mK. Both sets of measurements suggest that the critical coverage
for the onset of superfluidity corresponds to a mobility edge in the chemical potential, so that the onset
transition is the bosonic analog of a superconductor-insulator transition. The superfluid density measurements,
however, are not in agreement with the scaling theory of an onset transition from a gapless, Bose glass phase
to a superfluid. The heat capacity measurements show that the nonsuperfluid phase is better characterized as an
insulator with a gap[S0163-1827)07217-3

[. INTRODUCTION T=0 in *He films is analagous to a metal-insulator transition
in Fermi systems. This approach follows from a suggestion
For a wide variety of substrates, adsorbed fiims*se  of Hertz, Fleishman, and Andersband has been pursued in
thicker than approximately two atomic layers are superfluicdepth by Fisheret al,'® who exploited the existence of a
at zero temperature. As the temperature is increased, a tra@tural order parameter in Bose systems to develop a scaling
sition occurs to a nonsuperfluid phase at a critical temperal€0ry for the onset of superfluidity in strongly disordered
ture T,. Although the details of this transition depend on theSyStéms. The spirit of this approach is that the onset transi-
topology of the substrafe? the phase diagrams for films UON is driven by the competition between exchange, which
adsorbed on substrates such as Mylar, porous glasses, GOrs superfluidity, and theombineceffects of disorder and
packed powders are similar. In each case, there is a line e repul_swe He-He interactions, wh|clh favor localization.
transition temperatures in the density-temperature plan he Iocallz_ed phase in the case of e film adsorbed on a
. : - . gtrongly disordered substrate is presumed to be a “Bose
separating nonsuperfluid from superfluid films. ¢ 0, this

i . itical bel hich glass,” with a gapless excitation spectrum and a correspond-
ine terminates at aritical coverage n, below which super- ingly nonzero compressibility.

fluidity does not osccur. Only cesium substrates, which are “This paper presents superfluid density measurements of
not wetted by*He? and the atomically ordered substrates “He films adsorbed in aerogel glass and heat capacity mea-
graphite and molecular 5" lead to exceptions to this gen- syrements of*He films adsorbed in Vycor for coverages
eral picture. close to the critical coverage. and temperatures down to 10
Although the existence of a nonzero critical coverage mK. Our measurements demonstrate that the picture of a
has been known since the earliest experiments on unsatuuperfluid-insulator transition developed by Fiskeal. and
ated “He films, the onset of superfluidity as a function of otherd®!2 is qualitatively appropriate. The heat capacity
coverage al =0 has received much less experimental attenmeasurements, for example, indicate that a nonsuperfluid
tion than the superfluid transition d@=T;. This has fol- film is far from inert. In fact, the density of states of the
lowed in part from the difficulty in making thermodynamic nonsuperfluid film has a characteristic energy which vanishes
measurements on extremely ththle films, but also from a  as the onset transition is approached fioeiowin coverage.
conviction that the nonsuperfluid film of coveraggforms  We do not, however, find good quantitative agreement with
an essentially inert pseudosubstrate for the overlying supethe scaling predictions of Fishet al. for the temperature
fluid film. Most aspects of thin-film superfluidity can indeed dependence of the heat capacity and the coverage depen-
be understood without any consideration of the critical covdence of the superfluid density and the superfluid transition
eragen,, and the*He coverage is often renormalized by temperature. We find that the nonsuperfluid film is best char-
taking the effective density of the film to be—n.. For acterized as an insulator with a gap as opposed to a Bose
example, the superfluid density of films with transition tem-glass. The scaling behavior of thin superfluid films is com-
peratures above 200 mK is observed to be proportional tplicated by both the large energy scale characteristic of
n—n, for many substrates. physical adsorption and the existence of the thermodynamic
In contrast to the inert-layer model used for the interpre-superfluid transition at nonzero temperatures. The thermody-
tation of most experiments, there has been considerable thaamic transition appears to be the dominant critical point, at
oretical work suggesting that the onset of superfluidity ateast over the temperature and coverage range of our study.
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between the metal-insulator transition in Fermi systems and
the onset transition in &He film, which is a Bose system. In

both cases, one can argue that the onset of mefaltisu-
/ perfluid) behavior corresponds to the appearance of extended
Normal //// states spanning the system above a critical demsgityUn-
7 /

uperfluidz fortunately, the theoretical machinery developed for Fermi
systems is not readily adaptable to the Bose case because of
the strong repulsive interactions. There is no meaningful
noninteracting limit, such as pure Anderson localization, for

a disordered Bose system.

It is possible, however, to consider a pure but strongly
ﬁ1teracting system and then gradually turn on the disorder.
The simplest representation of the interactions is a hard-core
repulsionV that prevents two atoms from occupying the
same site. The effects of quantum exchange are introduced

In F|g 1 we show a generic phase diagram for an unsat\[ia a hopplng matrix elemer betwe.en different Sltes ThlS
urated“He film in the temperature-density plane. The film is Bose-Hubbard modefias been studied for one-zdlmensmnal
superfluid aff =0 if the coverage exceeds a critical coverage(1D) and two-dimensional2D) lattice systems? In both
ne, which is typically 1.5-2 atomic layergAll of the sub- ~ Cases, the system is “superfluidimeaning a many-body
strates discussed in this paper are disordered and do not sutended state existfor any density as long as the exchange
port layer-by-layer growth. An “atomic layer” thus corre- energyJ is greater than a crltlcal.valuéc. For \{veak but
sponds to an average coverage of one layér.phase honzero ex;hange, the system will be superflwd_ as Ion'g'as
boundary, corresponding to the superfluid transition temperdhere are sites free to accomodate hopping. This condition
ture To(n), extends upward from the poinh&n,, T=0). fails only at comme_nsurate.den3|t|es, at which .exantgt—

The film is nonsuperfluid above this line. The phase diagran™s occupy each site. In this case, the system is localized by
of Fig. 1 is representative of the aerogel and Vycor systemi€ on-site repulsion and is entirely analogous to a Mott in-
discussed in this paper as well as a variety of other disors_ulator in the fermionic case. A gap for particle-hole excita-
dered substrates. This paper is devoted to three questioH8NS exists, corresponding to the energy needed to overcome
regarding this general phase diagram. First, how can we betl€ on-site repulsion when the next atom is added to the
ter understand the onset transitionratn.: does it have System. , _ ,
scaling properties like conventional second-order phase tran- Disorder, which can be thought of in the smgplest case as
sitions? Second, what is the most appropriate description ¢& random fluctuation in the on-site repulsivh’'® has two
nonsuperfluid films? Finally, what is our understanding oféffects. First, it leads to localization micommensuratelen-
the thinnest superfluid films, within a few percent of the S|t|e§ since atpms Wl!l prefer to occupy sites with the lowest
critical coveragen,? _or_1-5|j[e repulsion. This can be expected to destroy superflu—
idity in the case of sufficiently weak exchange. In addition,
however, the disorder destroys the Mott insulator at com-
A. Bose insulators mensurate densities, since the distributiorVinmplies that

One view of the onset transition is that tHele film is  the penalty for double occupancy will be reduced at some
solid at densities below, and thus cannot support superflu- Sites, thus softening the gap. As the strength of disorder is
idity. This viewpoint is equivalent to drawing a vertical line Increased further, the gap closes even for small exchange,
in Fig. 1 atn=n, and therefore makes a distinction between@nd the Mott insulator disappears completely. Although the
the “solid” part of the film and the “liquid” overlayer, SyStém is now gapless, it is still localizedy disordey for
which is superfluid at low temperature. Although this ap-Small exchange strengths. This gapless Bose insulator is of-
proach, often called the “inert-layer model,” is sufficient for ten called aBose glass'
interpreting most superflow measureméhtsgschews par-
ticle statistics by ignoring exchange between the solid layer
and the overlying superfluid film. In its most orthodox form, In the case of porous glasses, the adsorption potential is
the inert-layer model predicts that the various thermody-strongly disordered on the energy scatel( K) characteris-
namic properties of the superfluid should be extensive wittic of the exchange in a superfluftHe film. In this case, the
respect tan—n;, wheren is the total density of the film. In onset of superfluidity within the framework of the Bose-
practice, this does not appear to be the case. For example, thieibbard model is most likely to occur from the Bose glass
superfluid densityps is generally not linear im—n. for  phase. A characteristic phase diagram in the plane of ex-
coverages very close to the onset of superfluidity. This obehange strengtld and chemical potentighk for the case of
servation has to led to some variations on the inert-layestrong disorder is shown in Fig. 2. In a real experiment, the
model, including the suggestion that the compression of thehemical potential is tuned by changing the density, and one
film as it becomes thicker leads to an increase in the densitfollows a nearly vertical line in Fig. 2 as tH#He coverage is
of the inert layer:3 increased. The onset of superfluidity occurs at the point

A more rigorous approach is difficult, and, although out- = ..
lined almost 20 years agdhas been pursued in detail only in ~ The situation sketched in Fig. 2 is reminiscent of a con-
the last several years. It is quite natural to draw an analogyentional second-order phase transition, with the chemical

Temperature

Coverage

FIG. 1. Generic phase diagram in the density-temperature plan
for a “He film adsorbed on a disordered substrate.

IIl. BACKGROUND

B. Bose glass to superfluid transition
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Ks= > ~5V(d+z)_2, (5)

is analogous to the singular part of the specific heat at a
conventional phase transition.
SF In order to make experimental predictions from these
scaling laws, one needs to know the dynamic exporzent
Fisheret al. prove thatz=d for the case of a Bose glass to
BG superfluid transition. The proof depends critically on the
Bose glass having a nonzero compressibility, or, equiva-
1/V lently, a gapless low-energy excitation spectrum.
The theory up to this point makes predictions for the scal-
ing properties of the superfluid density only &t 0. Fisher
et al. have extended their theory to thermodynamic proper-

FIG. 2. Phase diagram for the Bose-Hubbard model in the limiti€S at nonzero temperature using finite size scalingTn Y
of strong disorder in the plane of chemical potentialand ex- implementing this argument, they assume that the only en-
change strength. Both coordinates are scaled by the strengthf ~ €rgy scale in the problem is set by the characteristic fre-
the repulsive interaction. The transition from the Bose giB&) to ~ quency{). Temperature will thus appear in the asymptotic
the superfluid(SP phase occurs at the critical chemical potential free energy in the fornkgT/A (). Takingkg=%=1, the scal-
1 as the system travels along a path of nearly constaas would  ing form for the free energy becomes
be appropriate for the onset transition irflde film.

—_—— — —-

1y

f(T)~ 8@+ IF(TIQ). (6)

: - - 10
potential assuming the role of temperature. Fiskerl. The superfluid transitiogat non-zero temperatureccurs at

have exploited this analogy to construct a scaling theory of, yniversal valuas, of the argumenf/Q, so that
the Bose glass to superfluid transition, based on the ansatz

that the correlation lengt§ for fluctuations in the phase of T=U~ 6. 7

the order parameter diverges at the onset of superfluidity as
In order to reduce any of the scaling laws into forms

£~0o77, (1)  testable by experiment, we need to relate u— u to the

. . _ densityn, which can be tuned in the laboratory. Assuming
where the reduced chemical potentidi=u—pue param- ,_ 4" n4 ysing the inequalitw=2/d for the correlation

etnze; the distance to the critical point. Since the numbefength exponent in disordered systeit,can be shown that
density and the phase of the order paramater are conjugaté

variables, phase fluctuations are linked to density fluctua- A~ g — 8
. : . - N=Ne¢~pu— e, (8)
tions, which propagate at the speed of sound, introducing a _
time scale as well as the length scalento the problem. Which means thab can be replaced by—n. in all of the
Fisheret al. define the characteristic frequen€, which is ~ above scaling Iawsl.OAfter doing so, we obtain the scaling
assumed to vanish at the onset of superfluidity according t&ws of Fisheret al:
the power law

P po(0)~(N—ne), (=w(d+2-2), ©

O~ 2
To~(n—ny¥, w=zy, (10)

wherez is the dynamic exponenfThe existence of the dy-
namic exponent reflects the quantum mechanical origin of T~[ps(0)]*, x=2z/(d+z-2), (11

the fluctuations in this problem, as opposed to the thermal . . . .
fluctuations at an ordinary critical point. wherepg(0) is the superfluid density dt=0. The torsional

Although rigorous arguments are presented by Fishepscillator experiment discussed below addresses the validity
et al, we note here that conventional hyperscaling will hold of these scaling laws fotHe films adsorbed in aerogel glass.

if we assume that the correlation volume has a time dimen-
sion (1£)) as well as a spatial patt, whered is the ordi-

nary spatial dimensionality. This allows us to write down an We now consider the low-temperature heat capacity on
asymptotic form for the singular paft of the free energy both sides of the onset transition. Technically, the only re-

1. Heat capacity

density at the onset transition: quirement for the Bose glass is that the excitation spectrum
be gapless. This admits almost any power-law dependence of
fy(T=0)~ 52", (3 C(T), although for a true glass, i.e., constant density of

states,C(T)x=T. On the superfluid side of the onset transi-
tion, the dominant low-energy excitations are long-
scalingX wavelength third sound modes, leading to a Debye specific
' heat,C(T)~T¢ for T<T..
0 sC _ _ At onset h=n.), the specific heat can be inferred from
pT=0)~&",  [=(d+z=2)v. @ the scaling form for the free enerd¥q. (6)]. In order for
The singular part of the compressibility, fs(T) to remain nonzero and finite at the transition, the tem-

An asymptotic form for thesuperfluid densityg on the su-
perfluid side of the transition follows from finite size
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perature dependent pg,([T/Q) must assume the form TABLE I. Summary of the asymptotic forms for the superfluid
density atT=0, pg(0), the superfluid transition temperaturk, ,

and the heat capacit¢(T) in the limits n—n, and T—0. The
values given are the relevant exponents for the Bose glass and inert
layer models in two and three dimensions.

T(TIQ)=T(T65 2)~(Ts 2)ld+2iz (12)

since the sum of all the powers &fin Eq. (6) must equal
zero. At onset,

Bose glass Inert layer
5 Asymptotic form Exponent d=2 d=3 d=2 d=3
o°f
C(M=T-m~T¥ (=0, T-0). (13)  pg(0)~(n—ny)¢ ¢ =2 =83 1 1
T~ (n—ny)Y w =2 =2 1 1
Note that ifz=d, as is believed to be the case for a BoseTC”[fs(o)]X X 1 3/4 1 2/3
glass to superfluid transition, lin,oC(T)~T at onset. The C”Te’(”<”c) 0 1 1
temperature dependence at onset is thus the same as in ﬁ%éTao(”:“c) fo 1 1
Bose glass phase. C~T%(n>n,) 0 2 3 1 312

2. The inert-layer model

. 10 . . L I1l. EXPERIMENTAL DETAILS
Fisher et al.™” demonstrate that in the mean-field limit,

their scaling theory reduces to the inert-layer model, in Two experiments will be discussed in this paper. The first
which the superfluid film is taken to coexist with a solidlike is a systematic study of the superfluid density*6fe films
“He underlayer. In this case, exchange between the superdsorbed in 91% porosity aerogel glass for temperatures be-
fluid film and the localized layer is assumed to be negligible fween 10 mK and 200 mK. The second experiment is a high-
and the thermodynamics of the system near the onset of stesolution heat capacity study 8He films adsorbed in Vy-
perfluidity can be deduced from consideration of an ideakor glass for temperatures from 10 to 200 mK. The heat
Bose gas coexisting with a solitHe pseudosubstrate. capacity measurements were conducted for coverages on
The superfluid density in this limit should be proportional both sides of the onset transition. Brief accounts of these
to n—n., where the critical coverage. is the density of the experiments have been published previod§iy®
solid layer. Thus,ps(0)~(n—ng)¢, where (=1 for both
d=2 andd=3. Two more exponents can be inferred directly

from the density dependence of the Bose-Einstein condensa- A. Substrates

tion temperature: Vycor and aerogel are both porous glasses. \Acisr
prepared by leaching out one phase of a borosilicate glass
o2 N ]2 after spinodal decomposition. The resulting matrix has a dis-
kBTczT[W} , (14)  tribution of pore diameters with a maximum at approxi-

mately 70 A and a half width of approximately 20 A.
Aerogef? is prepared by kinetic aggregation of silica par-
ticles in a gel. After hypercritical drying to remove the sol-
vent, the resulting substrate consists of strands of silica ap-
proximately 50—-100 A in diameter. Unlike Vycor, there is
no characteristic pore size, but the structure is correlated on
length scales up to 600 A for the sample studied in this
work* In spite of the structural differences, the superfluid
densities of thin*He films adsorbed in Vycor and 91% po-
. ; ) rosity aerogel neafl; are remarkably similar, although the
pacity for the inert-layer model. Far>n,, the heat capacity heat capacity singularity at the superfluid transition seen in

: imiti ‘y /2

_?_f t%e q_e;]al Bose gas hfas thefllmét.;ng behawﬁ)r DT b as Vycor does not appear in aerodefs discussed in Ref. 4,

o (The p{,esence_ of supertluldity requires a DEDye CoNyyg ¢ rrejated disorder of the substrate is apparently irrel-
tribution C< T, but this vanishes more rapidly than the Bose

tribution in the mitr—s0) Si the inert-I evant for very thin films of superfluidHe adsorbed on either
gas contribution in the imitt — ) Since the INEIIAYer <\ pstrate, since the superfluid correlation lerggéxceeds all
model makes no assumptions about the nonsuperfluid film,

; . ) ...” Structural length scales.
admits essentially any form of the heat capacity for densities 9
n<n.

whereV is the volume(or area in two dimensionf the
system. Strictly,T.,=0 for d=2 because of the logarithmic
divergence of the zeta functiaf{1). This divergence can be
removed through the introduction of a short-length cutoff
which accounts for the finite thickness of the film. We thus
find To~(n—ny)" and T.~[ps(0)]*, wherew=x=1 for
d=2, andw=x=2/3 ford=3.

We now propose low-temperature forms of the heat ca

B. Superfluid density measurements

3. Summary of the scaling laws The superfluid density ofHe films adsorbed in 91% po-

In Table |, we summarize the results of the scaling theoryrosity aerogel was measured using the torsional oscillator
for both the Bose glass and inert-layer models. Four possibleechnique?! The experimental cell was the same as that de-
cases are considered, corresponding to the Bose glass seribed in Ref. 4, which discusses the experimental aspects
inert-layer models in either two or three dimensions. In cal-of the superfluid density measurements in detail. Several im-
culating the exponents from Eq®)—(11) and(13), we have portant parameters are listed in Table II. All of the torsional
used the result=d as well as the correlation length inequal- oscillator data in this paper will be presented in terms of the
ity v=2/d.1° superfluid period shifA P defined below. These data can be
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TABLE Il. Torsional oscillator parameters for tHtHe-aerogel

measurements. Additional details are given in Ref. 4. The substrate 0.48 ' ' ' 6.52
v_elocit_y is estimated from the cell geometry and the various ampli- \\ %og%oﬁgoo%o o
fier gains. 045 ¢ "'z. §7°° et 6.49 =
O °e <

Frequency(Hz) 250 2 ?f;’\. )
Moment of inertia 0.34 :o 42 | Fos \ 6.46 3

(g cm?) o g % B
Cell volume(cm®) 0.13+0.01 kS & e <§
N, BET surface 9.20.9 039 1 & o 1 6%
Area (m?) o &° ;
Mass sensitivity 0.211 0.36 &% L . L 6.40

(nseckq) 36.4 374 384 39.4 404
Superfluid mass 0.022 Temperature (mK)
Sensitivity (nseckg)
Q at 10 mK 1.6<10° FIG. 3. The resonant perio@pen circles and amplitudegsolid
Maximum substrate 21072 circles of the torsional oscillator as a function of temperature dur-
Velocity at 10 mK(cm/seg ing a drift measurement at a coverage of 3&ol/m?. The period

has been offset by-3.992 359 msec.

converted to a superfluid mass by dividing by gwperfluid  t=1-T/T..* The T, determined in this fashion was typi-
mass sensitivitpf the cell, 0.022 nsep/g. cally 0.2-0.3 mK below the temperature at whidtP(T)

The measurements under discussion here can be dividagas nonzero within the resolution of our measurements. In
into two classes. The first comprises temperature sweep$is sense, the superfluid transition for films on aerogel is
conducted in a manner identical to that described in Ref. 4considerably sharper than that observedoids of Vycor,**

For each*He coverage, the resonant periBdand the am- Wwhere a “foot” in pg extends 1-2 mK above the superfluid
plitude of the torsional oscillator were measured as a funcT. as determined from power-law fit8.

tion of temperature. To determine the superfluid period shift

AP, we first subtracted the temperature-dependent back- C. Heat capacity measurements

ground of the empty cell from the raw data. The data above
the superfluid transition temperatufg were fitted to a con-
stant. The period data were then subtracted from this bas
line, giving the superfluid period shithP(T). The period
shift atT=0, AP(0), wasdetermined by fittingAP(T) to a
horizontal line at the lowest temperatures. Uncertainties du

The calorimeter, shown in Fig. 4, was constructed from
ghin-walled silver. Fourteen disks of thickness 0.3—-0.6 mm
were cut from a slab of Vycor by first coring the slab with a
slurry cutter and then slicing off the disks using a diamond-
gnpregnated wire saw. Cutting from a slab with the leaching

to the background subtraction and the fact that our Iowes'i.’Iane parallel to the surface produces a more homogenous

reliable measurements could be made only above 10 mRample_ than is obtained from rods of Vycoérft in which the
limited the precision of ouAP(0) measurements to about boron-rlch_phase Is leached f_rom the perim emer cut-
+0.1 nsec. ting, the disks were cleaned in hydrogen peroxide and then

The superfluid transition temperatufe was determined baked in vacuum. A silver coating; 0.5 um thick, was then
with a typical uncertainty of- 0.2 mK by locating the break
in AP(T) at the transition. The most precise way to do this Ag wire to

was to drift slowly @T/dt~0.2—0.3 mK/h through the et hoat iR
transition while recording the resonant period and amplitude

thermometer'

of the torsional oscillator. The result of such a drift measure- ;efiﬁof”"z
ment forn=35.7 umol/m? for which T,=38.6+0.2 mK is

shown in Fig. 3. These data also show two dips in the am- 0.025 mm
plitude. The large feature, near 38 mK, is certainly a sound Ag folls;
resonance since the period, which is measured using a phase- to lid of

locked loop, shows as-shaped distortion. The smaller peak, cetl —_— Fleator
which seems to coincide with the superfluid transition, may
be due to a cascade of resonances. We do not know why the

resonance associated with the large peak is so prominent,

- ) . . Vespel Ag cell
since a simple calculation shows that it does not correspond SP22 )
. . . support Vycor disk

to a low-order third sound resonance. For the thinnest films, (1 of 4) (1 of 14;
bonded to

the resonance could be seen even wWA&{T) was almost Ag foils)

obscured by noise and uncertainties in the background sub-
traction.

For films with transition temperatures above 50 mK, we
could also determind ;. by fitting the period shift data near FIG. 4. A cross section of théHe-Vycor calorimeter. All pieces
the transiton to a power lawAP(T)=At‘, where are made of silver except as indicated.

23 mm 1
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Inner Shield (Nb)
Length: 10 ¢cm

R Outer Shield (Nb)
/_ Length: 10 cm

3 mg CMN mixed
i with ~ 15 mg Ag
L powder; pressed
between Ag foils

w
3
3

—— 2 4H coll (NbTi)

| Stycast 1266 casing

Ag clamp

Vespel SP22 support

Nb capillary

0.0 1 1 1
heat switch 0 200 400 600 800
Time (sec)

Ag wire to ceil and

FIG. 5. The CMN magnetization thermometer.
FIG. 6. The response of the calorimeter following heat pulses at

evaporated on both sides of each disk. The edges were |e¥92.1 MK (upper panel and 18.6 mK(lower panel. The solid
uncoated to allow théHe to penetrate the sample. Each diskcUrves show gx_ponential fits tp the decay curve at long-time scales.
was then glued to two 0.025 mm thick Ag foils, which had Note the deviations at short time scales in the 18.6 mK data.
previously been diffusion-welded to the cap of the calorim-
eter. The calorimeter was sealed with Emerson Cumming The operation of the thermometer is identical in principle
Stycast 1266 epoxy. A Pt-W wire heater was wound aroundo the high-resolution thermometer developedXepoint ex-
the body of the calorimeter, dra 1 K2 RuO, resistor was periments by Lipa and Chdf. Some details have been pub-
glued to the cap of the cell. The calorimeter was supportedished previously by our grouft. The magnetization is mea-
by four Vespel posts and was attached to the low-sured by monitoring the current in the flux transformer,
temperature stage of a PriNdemagnetization cryostat. The which changes so as to keep the total flux enclosed by the
thermal contact to the stage was controlled using a tin-wiressuperconducting loop constant. The sensitivity of the ther-
superconducting heat switch. mometer is determined by the applied field. The price paid
A low thermal mass dc magnetization thermometer for the sensitivity of the dc magnetization thermometer is the
shown in Fig. 5, was essential for measurements below 20eed to count flux, since the dynamic range of the flux-
mK. The actual sensor in this thermometer is a miniaturizedocked loop is limited, and so the loop must therefore be
version of the design of Greywall and Bus¢h2.5 mg of reset periodically. In practice, we regularly exceeded the
cerous magnesium nitratCMN) powder, consisting of slew rate of the SQUID electronics and the flux count there-
grains less than 7am in diameter, was mixed with an equal fore became meaningless. This inconvenience was amelio-
volume of 2—4um silver powder and then pressed betweenrated in our case by the availability of the heat switch on the
11 0.025 mm thick silver foils. Before pressing with the calorimeter, which could be closed to check the magnetic
powder, the foils were annealed, perforated to enhance thd#ermometer against dHe melting curve thermometer on
adhesion of the Ag-CMN powder, and their ends werethe stage at any point during the experiment.
diffusion-welded together. After pressing, the assembly was The heat capacity measurements were conducted using
potted in Stycast 1266 epoxy and machined into a cylinder 3he adiabatic calorimetry technique. A current pulse was ap-
mm in diameter. A 2uH NbTi wire coil, which was part of plied to the heater, and the resulting thermal response of the
a superconducting flux transformer, was then wound aroundell was recorded. Two response curves, recorded at tem-
the cylinder, and the foils were attached to an Ag wire usingoeratures of 102.1 and 18.6 mK for a coverage of 27.1
a crimp joint. This assembly was then repotted in epoxy angemol/m?, are shown in Fig. 6. These data are representative
glued to a Vespel post, which was attached to the low-of two classes of response curves that we found. Above 80
temperature stage of the refrigerator. Two Nb shields werenK, the temperature of the cell decayed exponentially after
used to trap a smalR5-50 G magnetic field and for mag- the pulse, and the temperature st€p was determined sim-
netic shielding. The wires for the flux transformer were ply by extrapolating the exponential decay back to the mid-
twisted and then threaded through a Nb capillary to a juncpoint of the heat pulse. At lower temperatures, the decay
tion box on the still of the dilution refrigerator. The capillary became nonexponential, as can be seen in the lower panel of
was filled with silicon oil in order to prevent any vibrations Fig. 6. Since we could fit the long-time part of the decay to
of the twisted pair. The remainder of the flux transformeran exponential, we first believed that the short-time behavior
passed through a feedthrough into the bath space and weeflected a thermal overshoot due to poor thermal contact
attached to the input coil of a commercial dc SQUID. between the*He film and the calorimeter. If we extrapolated
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FIG. 7. Heat capacity, divided by temperature, for a coverage of FIG. 8. The superfluid period shitP as a function of tempera-
27.6 umol/m? of *He on Vycor. The cusp at 20 mK is a signature ture for 12 coverages ofHe adsorbed on 91% porosity aerogel
of the superfluid transition. glass.

the long-time behavior back to the midpoint of the pulse,tures. Obtaining a proper tuning of the heat switch was very
however, the inferred heat capacities were clearly too hightedious, and this turned out to be the primary impediment to
This suggested that either heat was leaking out of the CaIQJSing the calorimeter below 10 mK.
rimeter on short-time scales, hence leading to an overesti-
mate of the heat capacity, or that the anomalous decay was
due to some internal relaxation mechanism, perhaps reflect-
ing a significant heat capacity in poor thermal contact with A. Superfluid density
the rest of the calorimeter. The former possibility was un-
likely since the superconducting heat switch provides its bes
thermal isolation at the lowest temperatures. We suspect
that the Vycor itself might harbor a thermal reservoir and
modeled the thermal relaxation inside the cell assuming th
e e i ey e, Jechnius described sbove. I Fig_ 9, W snB

AP(O) as a function of coverage The curves show fits to
found that the thermal conductivity to the weakly I|nked res-

ower laws

ervoir depended on both coverage and temperature. A simild?
coverage-dependent coupling between thie film and the
Vycor itself has been observed in ultrasound
measurements. We decided to proceed on the assumption

IV. RESULTS

In Fig. 8, we show the period shift data for 12 coverages

“He adsorbed on aerogel. The superfluid period shift at
=0, AP(0), wasobtained by fitting the low-temperature
art of each curve to a horizontal line. The transition tem-
eratureT was determined for each coverage using the drift

Te(n)=To(n/ng—1)" (15

that the*He film equilibrated rapidly with the thermometers, 200
in which case the temperature stAf for determining the
specific heat should be extracted from the response of the 150
calorimeter at short-time scales. We tested this hypothesis by <
dosing approximately 2 monolayers ®fle into the calorim- E o0}
eter at the end of the run. This film had a heat capacity o
approximately 60 times larger than any of thide films in 50 |
our experiment. The’He film equilibrated within 120 sec
after each heat pulse, justifying our assumption about the 0 .
short-time scale behavior of the calorimeter at low tempera- 25
tures.
The heat capacity for a coverage of 27u8nol/m? is ’8\2.0 r
shown in Fig. 7 after dividing by the temperatufe These 2.5l
data, taken with the magnetization thermometer, show a cusp ~
at 20 mK, which is a signature of the superfluid @1 ot
transition®®?° (Since we did not take a BET isotherm for this g
sample, the surface area was determined by comparing our 05 r
measured superfluid transition temperatures as a function of 0.0 L s ! L
“He dosage with those of Crooket al*® The ordinary low- 33 35 37 39
temperature limit of our measurements was 10 mK. This was Coverage (umoles/m?)

determined by the internal heat leak of the calorimeter,

which decayed from approximately 0.8 to 0.4 nW over the FIG. 9. The superfluid transition temperattfgand the period
course of 3 months. This large heat leak, which we suspechift at T=0, AP(0), as afunction of the the*He coverage for
was due to the Vycor in the calorimeter, required us to rurfilms adsorbed in aerogel. The solid curves are fits to the power
with the heat switch partially open at the lowest temperaiaws of Egs.(15) and(16).
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FIG. 10. The superfluid transition temperatdrgas a function
of the period shift af=0, AP(0). Thesolid curve is a fit to Eq.
av).

and

AP(0)=Dg(n/n.—1)%, (16)

where we findwv=1.59+0.06 and=1.64+0.04. The criti-
cal coveragen,=33.89+0.08 umol/m? was determined
from the fit of T, versus coverage and then held fixed for the
fit of the period shift data. The final relation of interest is the
dependence of ; on AP(0), which is shown in Fig. 10. In
this case, we have fitted the data to the power law

T.=A[AP(0)]%, (17)

ONSET OF SUPERFLUIDITY IN*He FILMS . ..
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FIG. 11. AP(0) as a function of théHe coverage for films with
transition temperatures up to 1 K. The solid curve is a linear fit to
the data for films withT.'s greater than 150 mK.

T.'s up to 0.7 K[This linear dependence is suggestive of the
Kosterlitz-Thouless-Nelson(KTN) relation for a two-
dimensional superfluit for which ps(T )/ T.=8.73
wmol m~2K™1, where pg(T_) is the limiting superfluid
density as the transition temperature is approached from be-
low. For reasons of comparison in Fig. 12, we have con-
verted the period shift tareal superfluid densitysing the
calibration p/AP=1.24 umol m~2 nsec !. The slope of

the KTN line, which is drawn dashed in the figure, is about
twice that of a linear fit to the data of Fig. 12. Although we
expectp(T. ) to be reduced fronps(0) by elementary ex-
citations and vortex pair screening, the discrepancy between

where we findx=0.95+0.02. The measured exponents aréy,q yyq sjopes is not resolved in a full fit of the superfluid

listed in Table 11l along with corresponding values we obtain
from fits of the data of Crook&? for the *He-Vycor system.
We will discuss the exponents of Table Il in more detail
below. Another point of interest is the size of the “critical
region” for the onset transition. Since the fits of the various
power laws are pootby the standards generally applied to
critical phenomenia the usual practice of looking at devia-
tions from the power-law behavior is not particularly instruc-

tive. Another approach is simply to see how the data near

onset compare with those further away from the transition

density data to the finite size thedfyfor a superfluid film
adsorbed on a cylindrical strand. The best-fit coverage for
each data set that is about half the actual covetayée do
not believe, however, that the failure of this naive application
of the KTN relation says anything about the effective dimen-

sionality of the film, which will be discussed further belgw.

B. Heat capacity
. The “He-Vycor heat capacity data, divided by tempera-

We do this forAP(0) as a function of coverage in Fig. 11. ture, are shown for ten coverages in Fig. 13. Each of the data

The highest coverage in this figure ha$ aof approximately
1 K. A significant departure from linear behavior is seen only
for films with AP(0)< 1.5 nsec, oif .<150 mK. The linear
dependence dh P(0) onn at higher coverages is consistent

with the inert-layer model of the onset transition, so the data

of Fig. 11 indicate only a small coverage regime in which
fluctuations associated with the onset transition might be rel
evant. The evolution of ; with AP(0) is even more striking

in this regard, since, as shown in Fig. 12, the nearly linear

behavior observed for thin films continues for films with

TABLE lll. Experimental values of the exponends x, andw

for aerogel and Vycor. The Vycor exponents are based on fits to the

data of Crooke(Ref. 30.

Exponent Aerogel Vycor
14 1.64+0.04 25-0.3
X 0.95+0.02 0.85-0.02
w 1.59+0.06 1.76:0.01

5 10 15
ps(0) (umoles/m?2)

20

FIG. 12. The superfluid transition temperatdrgas a function

of the areal superfluid density @&=0, pg(0) for films with transi-

tion temperatures up to 1 K. The solid curve is a linear fit to the data
for films with T.<300 mK. The dashed curve is the KTN line
ps(T2)/Tc=8.73 umolm=2 K1,
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emperature (mK) At high temperatures, the heat capacity of nonsuperfluid

films, shown divided by temperature in the upper panel of

FIG. 13. The heat capacity, divided by temperature, is shown a ig. 13, depends linearly on temperature, BT drops rap-

a function of temperature for 10 coverages #fe adsorbed on idly at low temperatures. We define a crossover temperature
Vycor glass. The coverages jmmol/m? are given in the legend. y P ) P

Nonsuperfluid coverages are shown in the upper panel and supe-FB s_eparatlng_the§e two regimes to be the point at which
fluid coverages are shown in the lower panel. C/T is half of its high-temperature valu&g is shown as a

function of coverage in Fig. 14, along with the’s mea-

sured for the superfluid films. This plot shows clearly that

sets in the. lower panel of the f|gure_ %EOWS a sharp _cusprB vanishes as the onset transition is approached from be-
corresponding to a superfluid transitiohThe superfluid low. (Although our definition ofTg is somewhat arbitrary

transition temperatures determined from the locations of the ; o
. I ...__any reasonable choice of a characteristic temperature for the
cusps are shown as closed circles in Fig. 14. The criticaf

coveragen, for the onset of superfluidity is determined by crossover would show the same coverage dependeRioe.

. T>2Tg, there is not much qualitative difference between
extrapolating the; data to zero temperature. For tempera-the heat capacity of a nonsuperfluid film and that of a super-
tures T<T., the heat capacity of the superfluid films is pactty P P

S o fluid film for T>T.. This is emphasized in the three-
roughly quadratic in temperature, while it depends nearlydimensional representation of our data shown in Fig. 15, in
linearly on temperature fof >T., with a small quadratic e

correction that increases with coverage. In the vicinity of theWhICh there is a wedge-shaped plateau in the vicinity of the

; L : onset coverage,=27 umol/m?. Above 20 mK, the heat
superfluid transition, there is a small peak @T due to Lo ¢ . ; !
cri'ﬁcal fluctuations®2° The size of the p%ak decreases with C2PaCIlY isotherms, which are cross sections of the 3D sur-

decreasing thickness. As can be seen in Fig. 7, this peak Cf%ce, show no feature at;. The peaks in the isotherms

. e ecome progressively narrower in coverage as the tempera-
?nagly be resolved for the thinnest superfluid filily = 20.5 ture is reduced, but we cannot reliably extrapolate our data to

T=0.

2

T T V. DISCUSSION

B The data introduced above indicate that the concept of a
*-Ic superfluid-insulator transition iffHe films is qualitatively
appropriate. Both sets of measurements indicate the exis-
a tence of a critical coverage, at which the superfluid tran-

n, sition temperaturél . vanishes. The heat capacity data are
particularly instructive in this regard, since there is a charac-
teristic energykgTg for nonsuperfluid films which also van-

0 . er o ishes aq, is approached frorbelowin coverage.
22 24 26 28 30
Coverage (umoles/mz)

—
£
<

T
=]
1

Temperature (mK)
]
[ ]

S
>
>3
-—
‘s

A. Scaling theory

. - . 1. ps measurements

FIG. 14. The superfluid transition temperatdrg (circles and

the crossover temperaturBs (triangles defined in the text are As can be seen by comparing the exponents of Table il
shown as a function of coverage fdHe on Vycor. The onset With the predictions of Table I, the experimentally deter-
coveragen, determined by extrapolating tHE, data is indicated mined exponents for the onset transition are not consistent
with the arrow. with the scaling theory for eithed=2 or d=3. We have
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Ly - T T T region in coverage should be so small. In order to address
1.0r “”"Wﬁg ] this question, we convert the coverage to the chemical po-
08l K s;:..';:.. f:‘AAA tential u using the van der Waals relation

Sosl -, X a
q, 1 m(n)=--3, (19
0.4
< | where a=27 K (layen® for “He on glass? Although the
0.2 chemical potential is difficult to measure in this coverage
0.0k | range, third sound measurements, which deterrpi(rg in-
' L L L . . directly, are consistent with the form of E.9).! Assuming
00 02 04 06 08 10 a monolayer coverage of 183mol/m?, n,~ 2.6 layers for
T/Te “He-aerogel anch~3.0 layers for a film with &l of 200

mK. The chemical potential thus shifts from abeul.5 K at
FIG. 16. The period shift data for coverages“fe in aerogel ~onset to approximately- 1.0 K for films with T.'s near 200
with the period shift scaled b P(0) and the temperature scaled MK. Given that the characteristic exchange energy for the
by T.. Open triangles correspond to a coverage of 52riol/  “He films is on the order of 1-2 R a chemical potential
m?2, for which T,=955 mK. These data were obtained during a shift of 0.5 K cannot be considered small.

separate run. All solid circles are for coverages With< 200 mK. The rapid change g& with coverage also leads to a tech-
The lowest coverage in this figure is 35@mol/m?, for which nical problem in applying the scaling theory: the assumption
Tc.=26 mK. n—n.~u— ue IS NOt correct, even in the narrow coverage

. range of our experiment. Assuming thatfollows the form
also seen in Figs. 11 and 12 that the departure from thgf Eq. (19), we have converted coverage to chemical poten-
behavior seen at higher coverag@s% 200 mK) is actually  tig] and have fitted our data to the power law
quite small. Some curvature is apparentAf(0) at the
lowest coverages, but the relation betweknand AP(0) AP(0)~(p— o)’ (20

remains nearly linear foif.'s from 700 mK down to the ff his all imi h . implici
lowest T, in our study(20 mK). These observations lead us _In efiect, this allows us to eliminate the assumptions implicit
R Ea. (8), with the caveat that we have not actually mea-

to question whether our measurements are in the asymptoti i . ,
regime of reduced coverage—n. in which the scaling sured the chermcal potential. We find an exponent
theory is valid. To address this question, we return to thézz'?i 0.1 by _th|s approach. The case for_the Bose g_Iass IS
asymptotic form of the free energy, E(). This scaling thus improved ird=2, although the inequality of Ed9) is

form comprises the product of the free energyat0 and a still not satisfied ford= 3. We note, however, that the theory

function of T/Q=u,T/T,. This implies cannot be applied self-consistentlyds 2, since it assumes
a diverging correlation length which will eventually exceed
ps(T) the strand size of the aerogel. In this case, topological argu-
m”U(UcT/Tc) (18  ments lead us to expect that the onset transition must be

three-dimensional in character, although we cannot exclude

in the asymptotic regime, wheie is a universal function. the possibility of an observable crossover regime between
Thus, upon scaling the period shikiP by AP(0) and the 2D and 3D behavior.
temperature by, all of the AP(T) data in the asymptotic We thus find that two conditions of the scaling theory do
regime should collapse on to a universal curve. As can beot apply in the case ofHe adsorbed in aerogel in the cov-
seen in Fig. 16, our data do not scale in this fashion. In facterage range of our study. First, there is no single energy scale
the scaled data in this figure drift continuously toward thethat determines the thermodynamic properties at finite tem-
origin as the coverage is reduced. There is no indication thgierature. Second, the chemical potential changes rapidly
the data are even approaching a universal curve. The scalivgth coverage, which makes the asymptotic regime difficult
plot demonstrates explicitly that the properties of superfluicdto achieve and also implies that the reduced demsity, is
films at nonzero temperature avetdetermined by the single not simply proportional tqw — u. . We recall at this point the
energy scal€). Therefore, we should not expect the scalingthird (and most fundamentalassumption of the theory,
laws [Egs. (10) and (11)] for T, as a function ofn or  which is that the nonsuperfluid phase is compressidlris
ps(0) to hold in the coverage range of our experiment. assumption is critical to establishing the relatioad for the

Although we have shown explicitly that the scaling theory dynamic exponent.Since the compressibility is given by
does not hold at nonzero temperatdre., T>20 mK), we  dn/du, Eg. (19 suggests that althoughwill be nonzero, it
must still consider the possibility that it holds&&=0. Only  will be considerably lower than for an idealizétHe film
one of the scaling lawsp¢(0)~(n—n.)¢, applies in this such as that considered in the Bose-Hubbard mtdét.in
case, but the experimental resgi#t 1.64+0.04 is well below  effect, the adsorption potential adds a third energy scale to
the theoretical bound$=8/3 for d=3 or (=2 for d=2. the problem in addition to the exchange energy and the in-
Since, as shown in Fig. 11, the data approach the inert-layderparticle repulsion. The strong binding to the substrate
prediction at higher coverages, it is reasonable to ask if oumakes the film much less compressible than it would be if it
low-coverage data fall in a crossover regime in which quanwere “free-standing.¢ Even if « is technically nonzero, the
tum fluctuations are relevant but not yet dominant. This isfilm may be sufficiently incompressible that the softening
certainly possible, but it leads one to ask why the criticaldue to quantum fluctuations is negligible.
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FIG. 17. A model single-particle density of states for nonsuper- Temperature (mK)
fluid *He films adsorbed in VycofRef. 37. The states belovE,
are localized, and the states abdyer A are extended. FIG. 18. Low-temperature heat capacity data for nonsuperfluid
coverages ofHe in Vycor. The solid curves are fits to the activa-
2. C(T) measurements tion model discussed in the text. The coverageg.inol/m? are

. indicated in the legend. The inset shows the e Eq(21)] as a
The heat capacity measurements allow us to test the Pr¢nction of the Cogerage a(2D]

dictions of the scaling theory below the onset of superfluid-

ity. As shown in Fig. 13, the salient feature O(T) for  pg |gyer band comprises localized states due to the hetero-
coverages below onset is a characteristic temperatgr@e- . geneous adsorption potential. Because of the strong repulsive
low which C/T drops rapidly to zero and above which it g e interactions, each localized state can accommodate
approaches a constant. As shown in Fig. T4 vanishes as oy 5 single He atom, leading to effective Fermi statistics in
the onset of superfluidity is approached from below. At theiho" |ower band of Fig. 17. The upper band, which is unoc-
onset transitionC(T) is approximately linear over the entire cupied atT=0, consists of extended states, which are as-

temperature rangd,>10 mK, covered by our experiment. g med to obey Bose statistics at low densities. This model
The fact thatC(T) is linear inT for n=n is in apparent |o54s to a heat capacity of the form

agreement with the scaling theory of Fisherall® (see
Table ). Below onset, however, the data show only a single C=D(A/2kgT +2)e 2/%sT (21)
region of linear behavior, although the Bose glass model
predicts two regions: one at low temperature due to the Bostor kgT<A. The prefactorD = N,N,Akg, whereN, and
glass and a second at higher temperatures due to quantud) are the densities of states in the lower and upper bands.
fluctuations. One possible explanation for the single lineafMhe results of fits to Eq21) for four nonsuperfluid films in
region is that the Bose glass contribution is immeasurablyhe regimel < Tg are shown in Fig. 18. The gap is shown
small. This would be consistent with the observation madeas a function of coverage in the inset. For each coverage, we
above that the strong van der Waals potential makes théind a gap of order 5.
“He film nearly incompressible. Our data are not precise enough to distinguish between a
Assuming for the moment that the Bose glass contributiontrue gap in the density of states and a “soft gap,” in which a
to the heat capacity is too small to be measured, we turn tipw-energy tail exists in the band of extended states. It is
the linear behavior that we do observe. At onset this is prepossible that a small number of extended states exist at en-
dicted by the scaling theory of Fishet al, in which the  ergies well belowA. In principle, it would be possible to
contribution toC from quantum fluctuations varies linearly place a bound on the number of such states by determining
with temperature. We note, however, that the linear behaviohow much of the classical entropy it frozen out at low
is observed over a very wide temperature range, extendingmperatures. Unfortunately, this calculation is impossible
up to at least 600 mK, while the superfluid density data forbecause our data do not reach a limit in whigfm) is in-
both aerogel and Vycor indicate that the critical regime independent of temperatur€his limit could not be reached
which quantum fluctuations are relevant is confined to covwithout macroscopically populating the vapor phase, which
erages withT.’s less than 200 mK. Although there is no is ignored in our model.
reason why the asymptotic critical regions observed for two There is noa priori reason for our having chosencan-
different thermodynamic quantities must be the same, istantdensity of states in each of the bands shown in Fig. 17.
would be rather unusual to see critical behavior so readily iAs far as fitting the data of Fig. 18 is concerned, the critical
C(T) when all other measurements suggest that the criticadlement of the excitation spectrum is the gap. Additional
regime is nearly inaccessible. information, however, comes from the high-temperature data
on both sides of the onset transition. In both cases, the heat
capacity depends linearly on temperature in this regime. For
n<n., only the extended states contribute to the heat capac-
As can be seen in Fig. 13, the heat capacity of nonsupeity at high temperature, and a linear temperature dependence
fluid films drops off very rapidly, faster thaf®, at low tem-  would follow from a constant density of states. The only
peratures. This behavior is suggestive of a gap in the excitadifference for superfluid filmsr(>n.) is that some extended
tion spectrum of the film. The simplest density of states thastates are occupied &t=0. For T>T. we would expect to
includes a gap is shown in Fig. 17. The model, consideredee the same temperature dependence as observed for films
originally by Tait and Reppy’ includes two bands of states. below the critical coverage. Based on Fig. 15, this appears to

B. Activation model for nonsuperfluid films
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4 T T T termine directly whether or not a condensate exists for cov-
- A aly erages below the onset of superfluidity.

W
T

[
[ ]

»

C. Thin superfluid films

1
w

As discussed above, the rapid change of the chemical po-
tential u with coverage neam. tends to make quantum fluc-
tuations less important ifiHe films than they would be if the
adsorption energy were less strongly dependent on coverage.
i . . 0 The large spread in energy scales due to the adsorption po-

tential minimizes exchange between atoms in the localized
layer and those in the overlying superfluid film. We believe
this lies behind the qualitative success of the inert layer
022 2'4 2l6 2l8 300 model for thicker films, and it is reasonable to ask how close
5 to the onset transition one can neglect exchange with the
Coverage (L moles/m”) nonsuperfluid film.
If we ignore the*He atoms in the localized layer in our

FIG. 19. The coefficienta (circles andB (triangles in fits of  aerogel sample, we estimate that the interparticle spating
the high-temperatureT(>T, or T>2Tg) heat capacity data to the for the atoms in the superfluid film is at least 10 A for
form C(T)=AT+BT? The arrow indicates the onset coverage T,<80 mK. This estimate follows from dividing the number
Ne. of superfluid atoms by thsurface area9.2 m?) of the sub-
strate. Estimates based on the tatalumeoccupied by the

be the case, since the wedge-shaped plateau at high tempefabstrate0.13 cnf) give an interparticle 451pacin9 on the or-
tures extends to both sides of the critical coverage. We havder of 30 _A for a film with T.=80 mK.™ Both of these
also fitted the high-temperatur@% 2Tg or T>T,) data to estimates indicate that it is not unreasonable to look for di-
the formC(T)=AT+BT?2 on both sides of the onset transi- lute Bose-gas-like behavior, since thleewave scattering
tion. As can be seen in Fig. 19, the linear coefficiénin- length characterizing the He-He interaction is of order 3 A.

creases slowly with coverage, with no apparent feature at the A full formal_|sm for t_he crossover from a strongly mt_e r
. o . : acting superfluid to a dilute Bose gas as ffée coverage is
onset transition, which is marked in the figure by the arrow.

Th drati tributi h i idly f reduced has been developed by Weichman and co-wdtkers.
€ quadratic contribution, nOWever, increases rapidly ofry,q starting point for this theory is the observation that thin
coverages above onset, although it remains at least a fact

) i films of “He adsorbed on Vycor show 3RY critical behav-
of two smaller than the linear heat capacity 1+400 mK. o tor coverages with transition temperatures above 120
The onset of superfluidity |ﬂHe films adsorbed in Vycor ik 1|dentical critical behaviotfor films with T,'s down 50
thus corresponds to the closing of a gap in the excitationnk) has been observed ifHe films adsorbed in 91% po-
spectrum of the film as the coverage is increased. Althoughosity aerogel glas$in both systems, power-law behavior of
this is a Bose insulator to Supel’fluid tranSition, the inSUlatinghe Superﬂuid density is observed over at least one order of
phase is not gapless, in disagreement with the assumptions gfagnitude in reduced temperature. Weichreaal. derive a
the Bose glass model. Although this conclusion turns toscaling function which in principle can be used to test for
some degree on whether or not we can resolve a small berossover from conventional 3RY critical behavior to di-
nonzero density of states at low temperatures, there is alsolate Bose gas behavior as tHi#le density decreases. The
significant philosophical distinction between the activationscaling function reduces to the dilute Bose gas form
model we have employed here and the Bose glass approaghy(T)~ ps(0)[1—(T/T,)*?] as T—0 and to the 3DXY
In the Bose glass model, superfluidity is destroyedath,  model form ps(T)~pso(1—T/TC)g (£=213) as T—T,.
by order parameter phase fluctuations. The Bose condensaysically, the scaling function accounts for the reduction in
(essentially the microscopic order paramgisrassumed to the size of the 3DXY critical regime asT decreases. Un-
exist below onset, even though long-range order does not. lfortunately, the Bose gas and 30Y limits are sufficiently
the simple activation model employed here, there is no ordedistinct that a scaling function capable of accounting for the
parameter below onset, since none of the extended states ¢nossover can be used to collapse data from essentially any
the system are occupied @t=0. A similar distinction ap- superfluid film? The two limiting forms, however, suggest
pears for the case of the superconductor-insulator transitio@nother way of testing for crossover to Bose gas-like
for which two classes of transitions have been observed. Fdehavior:® The quantity limy_ 1 ps(T)/(T.—T) divergesin
granular films, the order parameter is nonzero at thehe strongly interacting limit but remains finite for the dilute
superconductor-insulator transitiéh, and the supercon- Bose gas. In Fig. 20, we pl&tP(T)/(T.—T) as a function
ductor-insulator transition is driven by fluctuations in the of T/T, for four coverages ofHe adsorbed on aerogel. The
phase of the order parameter. There is also evidence for @ilute Bose gas predictionfassuming the same ratio
Bose glass phase in some homogeneously disordered®filmsAP(0)/T.=12 psec/mK found for the four filmss shown
but other experiments suggest that the amplitude of the orders a dash-dotted line. The divergence rigais pronounced
parameter vanishes at the superconductor-insulator transitidar all of the films.
in this casé€® At the moment, we cannot probe the micro-  There is thus no convincing evidence ti#e films ad-
scopic order parameter in our system, and so we cannot dserbed in aerogel approach Bose-gas-like behavior for films
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FIG. 20. Period shift data for four coverages, scaled as de-
scribed in the text, compared with the predictions for a dilute Bose FIG. 21. The heat capacity divided by temperature shown as a
gas. The Bose gas prediction is shown as a dash-dotted line for tifenction of the reduced temperatur&{T.)/T. for coverages of
caseAP(0)/T.=12 psec/mK. The transition temperatures for each28.8 umol/m? (T,=85.0 mK) and 27.6umol/m? (T,=20.7 mK).

of the data sets are indicated in the legend. ) )
crosses over from a predominantly linear dependence on

with T.'s down to 20 mK. The absence of any observablel€Mperature aboveT. to a quadratic dependence for

crossover may be due to exchange with the localized layer 0T<TC' In addition to thEse “backgrounds,” t.h'ere is a peak
simply the possibility that our films were not sufficiently " the upper data seff¢=85 mK) at the transition. A peak

dilute. Crookeret al. studied films withT.'s down to 7 mK  ¢&n only barely be resolved for the film with,=20.7 mK.

in their study of the*He-Vycor system and found a progres- ThIS. tr%r;g. is consistent vv_lth that observed in earlier
sive decrease in the 3RY critical regime as determined stuci|esz, ““in which the magnitude of the heat capacity peak
from the same analysis used here to produce Fig. 20. Unfof®" ~He films adsorbed in Vycor was shown to scale accord-
tunately, the superfluid signal for a given substrate volume idng to the hyperuniversality relatidft,

smaller for aerogel than for Vycor, and the thermal time Clt)  &1)3

constants are much longer in aerogel, so extending our mea- SS_>7
surements to lower coverages and temperatures would not be Cqt)  &(H*
a trivial task. This is unfortunate, since the superfluid transi
tions in “He-aerogel are “sharper” than those
“He-Vycor, in the sense that, goes to zero only 0.2—-0.

(22

>or two systems, denoted primed and unprimed, within the
N same universality class. In E2), t is the reduced tempera-
3 ture (T,—T)/T. and ¢ is the correlation length. Correlation

mK aboveT, (as determined from power-law.ﬁjsas 0P~ |engths for the*He-Vycor system can be estimated from the
posed to 1-2 mK in Vycor. Kotsubo and Williah&ave Josephson relatiof?

noted that the smearing of the transition in the Vycor case

tends to mimic crossover to Bose-gas-like behavior. There is keTm?| 1
now convincing evidence that the 1-2 mK “foot” in the E(t):<T) YOR
Vycor data was due to macroscopic inhomogeneities intro- Ps
duced by the leaching process used to produce the poroamd p. data from the studies of Bishogt al and Crooker
glass®> A new Vycor study, with more homogeneous et al**3°Based on these studies, we estimate that the corre-
samples, would probably be much more conclusive than th&tion length for a given reduced temperature will be ap-
experiment of Crookeet al. in testing for crossover to dilute proximately twice as large for the film witl;=20.7 mK
Bose gas behavior. Porous gold substriteshich recent than for the film withT,=85 mK32° According to the hyper-
full-pore measurements suggest are as homogeneous as \griversality relation Eq(22), the heat capacity peak for the
cor, could be an even better substrate for ultra-low-thinner film should therefore be eight times smaller than for
temperature measurements. the thicker film, which is consistent with Fig. 21.

The difficulties in interpreting thepg measurements for A rigorous test of Eq(22) for *He films in Vycor would
very thin superfluid films have been compounded by the abrequire fitting each of the heat capacity data sets to power
sence of a complementary study of other thermodynamitaws nearT.. This is impractical at the moment due to both
quantities in this coverage regime. Our heat capacity meahe noise in the data and the ambiguities in subtracting a
surements for*He-Vycor begin to address this problem, al- nonsingular background. Although the noise could be re-
though the lowest transition temperature we were able tauced in a better experiment, the interpretation of the back-
achieve was only 21 mK, significantly higher than the lowestground heat capacity poses a more fundamental problem. In
T. (~7 mK) reached in the, study of Crookeret al*3 Fig. 21, the data foll .= 20.7 mK show a cusp &t;, where

In Fig. 21, we show heat capacity data for two superfluidC(T) crosses over abruptly from quadratic to linear depen-
coverages,n=28.8 umol/m? (T,=85 mK) and n=27.6  dence on temperature. This cusp may be the remnant of the
umol/m? (T,=20.7 mK). The heat capacity is divided by fluctuation peak seen for thicker films, in which case it
temperature and is plotted as a function of the reduced tenshould round out as the superfluid coverage is further re-
perature T—T,.)/T.. The heat capacity for both coverages duced. Another possibility is that the heat capacity is singu-

(23
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lar even in the absence of order parameter fluctuations. Alsubstrate potential in porous glasses reduces the importance
though this type of behavior would emerge in any mean-fielcbf quantum fluctuations near the critical coverage. Weakly
treatment, for an interactingHe film we would expect a binding alkali metal substrat®smay ameliorate this effect.
jump discontinuity inC(T) in addition to a change in slope. In principle, the use of ordered substrates would allow a test
(The ideal Bose gas should show only a simple cusp.at  of the clean limit of the various dirty boson models, provided

but of a different form than that seen in Fig. 1. that the adsorption potential is sufficiently weak. Such a sys-
tem might be achieved by pre-plating a clean high-surface
VI. CONCLUSIONS area substrate, such as exfoliated basal-plane graphite, with

] ) ) molecular hydrogen. Finally, even on a strong-binding or-
The superfluid density and heat capacity measuremenigered substrate such as graphite, the adsorption potential
presented in this paper indicate thafide film adsorbed on changes only weakly within each monolayer, so that quan-
a disordered substrate undergoes a transition from a Bosfm effects should be more readily observable. The phase-
insulator to a superfluid at the critical coverage The gap  separated superfluids which exist within the second and third

in the insulating phase decreases to zero as the onset cov@ipnolayers of*He on graphite may therefore be reasonable
age is approached from below. Our data show no evidence gfyaj0gs of granular superconductdfs.

a Bose glass phase. In considering thin superfluid films, the
rapid change of the chemical potential with coverage near
n. appears to minimize the role of quantum fluctuations, so
that the ordinary superfluid transition 8t remains the
dominant critical point. Evidence of critical fluctuations near We thank Mary Lanzerotti for assistance with the super-
T. is seen even for the thinnest superfluid films studied irfluid density measurements. P.A.C. acknowledges financial
these experiments. support from AT&T Bell Laboratories. This work was sup-
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