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Using inelastic neutron scattering, we have observed well-defined phonon-roton (p-r) excitations in
superfluid *He in Vycor over a wide wave-vector range, 0.3 =< Q =< 2.15 A~'. The p-r energies and
lifetimes at all temperatures are the same as in bulk liquid “He. However, the weight of the single p-r
component does not scale with the superfluid fraction ps(T)/p as it does in the bulk. In particular,
we observe a p-r excitation above T, = 1.952 K, where p,(T) = 0 in Vycor. This suggests, if the
p-r excitation intensity scales with the Bose condensate, that there is a separation of the Bose-Einstein

condensation temperature and the superfluid transition temperature 7. of “He in Vycor.

PACS numbers: 67.40.—w

Liquid*Heimmersedin Vycor isareadily accessible ex-
ample of bosonsin disorder and confinement. The specific
heat, superfluid density, and other thermodynamic proper-
ties of this “dirty Bose system” have been extensively in-
vestigated [1,2] to reveal the impact of disorder and finite
length scales on excitations and phase transitions [3]. Un-
derstanding gained in helium can be transferred to other
examples of bosons in disorder such as flux lines in su-
perconductors [4], granular metal films [5], Cooper pairs
in Josephson junction arrays [4], and (possibly) Cooper
pairsin high-T,. materialsif pairing occurs above the Bose-
Einstein condensation (BEC) temperature that leads to
superconductivity [6]. Direct measurement [7—12] and
simulation [13—15] of excitations of liquid “He in disor-
der, however, have only recently begun. In this Letter, we
present neutron scattering measurements of the dynamic
structure factor S(Q, w) of liquid “He in 30% porous Vy-
cor over awide wave-vector range, 0.3 = Q = 2.15 A1
and temperature range, 0.5 = T = 2.31 K. We present
the first observation of phonons in Vycor, evidence for a
two-dimensional (2D) layer mode, and evidence that the
superfluid transition temperature T, and the BEC tempera-
ture of liquid “He in Vycor may not be the same.

The present Vycor sample, a cylinder of 9.7 mm diame-
ter and 40 mm height, was synthesized in the usua way
except that natural boron was replaced by !'B (99.95%
purity). Natural boron has alarge absorption cross section
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for neutrons while '' B does not. Small-angle neutron scat-
tering measurements on the present sample showed that it
has the same static structure factor S(Q) as standard Vy-
cor plates made with natural boron [16]. The sample was
fitted into atightly machined cylindrical aluminum sample
holder of 1.5 mm wall thickness and 100 mm height. The
sample was fully filled with helium with a compartment
of bulk “He above the Vycor for reference measurements.
The Vycor and bulk *He compartments were separated by
a Cd spacer. The sample cell was mounted in a *He cryo-
stat, where the thermometers were calibrated against the
*He vapor pressure in the sample cell in a separate run.
The temperature was regulated within =0.02 K. The mea-
surements were made on the IN6 time-of -flight spectrome-
ter at the Institut Laue Langevin, using an incident neutron
energy of 3.83 meV and an energy resolution (FWHM) of
about 110 ueV.

Figure 1(a) shows S(Q, w) of liquid *Hein Vycor for a
wave vector Q in the phonon region, Q = 0.35 A~'. At
T = 0.5 K, S(Q, w) isconfined aimost entirely to asingle
peak arising from creation of single phonons in the liquid
by the neutrons. Multiphonon creation is small at these
wave vectors. The peak width is set by theinstrument reso-
lution width. As T isincreasedto T = 2.31 K, the single
phonon peak broadens, but thereis still awell-defined peak
in the normal phase. This shows that liquid “He in Vycor
supports a well-defined sound mode in both the superfluid
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FIG. 1. Dynamic structure factor of liquid *He in Vycor at
temperatures as shown. (& Q@ = 0.35 A~! (phonon region).
The lines are guides to the eye. (b) 0 = 1.7 A~ (between
the maxon and roton regions). Symbols are “He in Vycor, with
errors smaller than the symbol size. The lines show bulk data
for comparison.

(T = 0.5 K) and norma (T = 2.31 K) phase, as in bulk
liquid “He. Thisis the first direct observation of phonons
in Vycor by neutron scattering.

Figure 1(b) shows S(Q, w) at several temperatures for
0 = 1.7 A~!, a wave vector between the maxon (Q =
1.1 A=) and the roton (Q = 1.95 A~!) regions. There
is a well-defined, single phonon-roton (p-r) excitation in
S(Q, w) a the lowest temperature, T = 0.5 K. As T in-
creases, the p-r peak broadens and the integrated intensity
in the peak decreases. At T = 2.31 K, there is no dis-
cerniblepeak in S(Q, w). However, at T = 1.99 K, which
is above T. = 1.952 K [17] (where ps = 0) but below
the bulk value for T, = 2.172 K, thereis still athermally
broadened peak. Woods and Svensson [18] proposed that
for wave vectors at the maxon and higher (0 = 1.1 A1),
the weight of the characteristic maxon-roton excitation in
S(Q, w) of bulk liquid *He scaled as the superfluid frac-
tion, ps(T)/p. Thereisnomodefor @ = 1.0 A~ innor-
mal bulk [19,20] liquid *He where ps(T) = 0. We return
to this point at the end of this Letter.

Figure 2(a) shows S(Q, w) at the roton wave vector
Q0 =195A""Tand T = 0.5 K. Theintense peak at w =
0.74 meV arises from exciting the p-r mode at the roton
wave vector. We call this the 3D roton. The p-r energies
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FIG. 2. (&) S(Q,w) of liquid “He at T = 0.5 K in Vycor at
the roton wave vector (solid circles and line). The dashed line
is the component of S(Q, w) arising from exciting the 3D roton
in the liquid (peak height H = 8.0 meV~!). The intensity at
energies below the roton peak is attributed to a 2D layer mode
propagating in the liquid layers adjacent to the Vycor walls. The
open circles are the corresponding S(Q, w) observed in bulk *He
(present measurements). (b) Integrated intensity in the 2D layer
mode versus wave vector. At Q = 1.95 A~!, the integrated
intensity of the 2D mode is 8% of the 3D roton intensity in
fully filled Vycor. The inset shows the energies of the 2D layer
mode (solid circles and line) and the 3D roton (open circles) in
Vycor as well as the 3D bulk roton energy (dotted line).

wpo for 0.3 = 0 = 2.15 A1, obtained from S(Q, w) at
many Q values such as shown in Figs. 1 and 2(a), are
displayed in Fig. 3. The phonon-roton energies in Vycor
are the same as in the bulk (perhaps marginally lower for
Q = 1.9 A™1), within the present experimental precision
(£5 ueV).

Returning to Fig. 2(a), we see that there is additional
intensity at energies below the 3D roton peak in Vycor
that is not seen in bulk liquid *He [19,20]. This addi-
tional intensity is small, approximately 8% of the main 3D
p-r integrated intensity at the roton. We emphasize that
S(Q, w) of liquid “*He in both Vycor and bulk shown in
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FIG. 3. Phonon-roton energy dispersion curve of liquid “He in
Vycor (open circles) and in bulk “He (line). The error bars are
much smaller than the symbol size.

Fig. 2(a) are from the present measurements. We observe
the additional intensity in Vycor for 0 = 1.7 A~! only.
The intensity of the new mode is shown in Fig. 2(b) with
its energy dispersion as an inset. For Q < 1.7 A~!, the
intensity in the new mode either becomes too weak to be
observed or the mode energy lies sufficiently close to the
3D p-r mode that it cannot be resolved from the p-r peak.

Since all measurements were made on fully filled Vy-
cor, we cannot identify the region of the liquid from which
the additional scattering originates. However, we inter-
pret the additional intensity as a 2D layer mode propa
gating in the liquid layers adjacent to the two solid “He
layers on the Vycor surfaces [21]. The layer mode energy
near its “roton” minimum is well described by w(Q) =
Ap + (O — Q2D)2/2/.L with A,p = 0.55 = 0.01 meV,
Qop =194 +0.01 A~"and u = 0.13 = 0.01my (my is
the “He atomic mass). The present “gap energy” Asp is
consistent with the gap energy 0.54 = 0.03 meV of 2D
rotons on graphon surfaces observed by Thomlinson et al.
[22] and with that of 0.6 meV observed by Lauter et al.
[23] on graphite surfaces. The difference between the 3D
roton energy A = 0.742 meV and A,p is consistent with
the differences predicted originaly by Padmore [24] for
2D rotons and calculated more recently by Clements et al.
[25]. The calculations by Clements et al. also suggest that
the layer mode intensity is small at lower Q as found
here. The present gap energy A,p = 0.55 £ 0.01 meV
is consistent with the gap energy of 0.53 meV obtained
by Brewer et al. [26] for the layer mode contribution to
the specific heat in Vycor. Kiewiet et al. [27] found that
the superfluid density ps(T) in Vycor for T = 1.4 K is
well described if the normal density arises from exciting
“one-dimensional” phonons and a rotonlike mode having
aroton gap of 0.50 meV. This interpretation is consistent
with the phonons observed here, which will propagate pre-
dominantly along the pores, and with the present 2D layer
mode. For T = 1.4 K, the 3D roton energy A = 8.62 K
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istoo high for 3D rotons to be excited. Thus, the interpre-
tation of Kiewiet et al. [27] is consistent with the phonons
and the 2D layer mode that we observe here. The addi-
tional intensity shown in Fig. 2(a) is similar to that ob-
served by Dimeo et al. [9] at an energy of 0.3—0.5 meV
at the roton wave vector, athough their intensity is 2 times
greater (20% of the 3D roton). However, they could not
determine the mode energy with precision.

As mentioned above, Woods and Svensson [18] no-
ticed that the weight of the sharp p-r peak in the to-
ta S(Q,w) in bulk liquid “He for 0 = 1.1 A~! scaled
with temperature approximately as the superfluid density,
ps(T). This approximate scaling was confirmed in sub-
sequent measurements [19,20,28,29]. In particular, for
0 = 1.1 A" there was no well-defined p-r excitation
in normal “*He where ps(T) = 0. Glyde and Griffin [30]
proposed that this could be understood if the sharp p-r
excitation was associated with excitation of quasiparticles
out of the condensate and the scaling followed no(T) ap-
proximately rather than ps(T). In Fig. 1(b), which shows
S(0,w)a Q = 1.7 A~!, we see that there is a broadened
peak in S(Q,w)inVycora T = 1.99 K, i.e, aboveT, =
1.952 K, where ps(T) = 0. The peak has disappeared by
T =231 K.

To determine how the weight of the p-r mode compo-
nentin S(Q, w) scaleswith temperature, we have fitted the
following moddl to the data:

x"(Q,0) = fs(Mxs(Q,w) + fn(Txy(Q, ), (1)

where S(Q, w) = [1 — exp(—liw /kgT)] "' x"(Q, ). At
T = 05K, x{(0,w) is the total observed x"(Q,w),
corresponding predominantly to the single p-r peak [see
Fig. 1(b)]. xn(Q,w) is the total x"(Q, w) observed at
T = 2.31 K, which contains no p-r peak a al. The
fs(T) is afree parameter that we obtain by fitting Eq. (1)
to x"(Q, w) observed at temperatures between T = 0.5
and 231 K, and fy(T) = 1 — fs(T). In the fit the p-r
mode energy and width in x§(Q, w) was allowed to vary
with temperature. Clearly, the model requires fs(T) = 1
aT=05Kand fs(T) =0a T = 2.31 K. The fitted
fraction fs(T) represents, approximately, the fraction of
the total S(Q, w) taken up by the single excitation peak.
Figure 4 showsthefitted values of f5(7") compared with
the superfluid fraction ps(T)/p in Vycor and in bulk lig-
uid “He. The fraction f(T) in Vycor clearly does not
scale with ps(T)/p in Vycor. At low temperatures, both
fs(T) and pg/p are approximately unity, while at higher
T, fs(T) is till large whereas ps(T)/p = 0. In searching
for possible causes, we note that there is some bulk liquid
“He between the Vycor sample and the sample cell walls.
The fraction of such bulk liquid to liquid in Vycor pores
is estimated to be at most 10%. This small fraction could
not account for the large deviation of fs(T') from ps(T)/p
in Vycor. We would essentialy need al of the liquid to
be bulk liquid to explain the scaling in Fig. 4. Also, since
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FIG. 4. Fraction f5(T) of thetotal S(Q, w) that is taken up by
the low-temperature component Ss(Q, w) (chiefly the single-
excitation component) as a function of temperature for Vycor
[see Eq. (1)]. The fs(T) in Vycor does not scale with the
superfluid fraction ps(T)/p of Vycor (dotted line; Ref. [1]).
The dashed line is pg(T)/p for bulk *He [1].

v (0, w) is expected to be largely independent of T for
T = T) (asitisinbulk liquid *He), thefitted f(7') should
not be sensitive to the temperature at which yy(Q, w) is
defined.

The central finding is therefore that the weight of the
single phonon-roton excitation peak in S(Q, w) a higher Q
values does not scale with pg(T)/p in Vycor. The devia-
tionislargeand thereremainsa p-r peakin S(Q, w) above
T. where ps(T) = 0. Thus the apparent scaling of peak
weight with ps(7') in bulk *Heis not universal and does not
extend to confined geometries. As noted, Glyde and Grif-
fin (GG) [30] proposed that the sharp excitationin S(Q, w)
a Q = 1 A~! arisesbecause thereis a condensate and that
the weight should scale approximately as the condensate
fraction, no(T). The excitation weight in S(Q, w) in Vy-
cor might still scale with no(T) (asin bulk “He) if no(T) in
Vycor were similar to bulk “He and particularly if no(T)
werefinitebetween 7. = 1.952 Kand T, = 2.172 K. We
therefore arrive at the interesting conclusion: either the GG
proposal isincorrect or there is a (possibly localized) con-
densate in *“Hein Vycor between 7. and T,. If the latter is
true, then we are observing the separation of the BEC tem-
perature from the superfluid transition temperature (7,.) by
disorder or confinement [4,31]. Thisintriguing possibility
needs to be clarified by further measurements of S(Q, w)
between T, and T, and direct measurements of ng.
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