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Localized Collective Excitations in Superfluid Helium in Vycor
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Inelastic neutron scattering has been used to probe the collective excitations of superfluid helium
in porous Vycor glass fo6.5 = T(K) = 1.9. The confined roton displays a temperature dependence
similar to that of the bulk roton but with larger widths. Additional scattering has been observed
near the roton minimum but with a substantially lower energy than the bulk roton. This scattering is
consistent with a “two-dimensional roton,” predicted to occur at the solid-liquid interface and inferred
from measurements of the heat capacity and superfluid fraction. [S0031-9007(98)08080-6]

PACS numbers: 67.40.—w, 61.12.Ex

Superfluid helium is a model system whose micro-the pore wall [5]. The properties of this 2D roton, which
scopic excitations explain the macroscopic thermodyhave previously been observed directly (via inelastic neu-
namic and transport properties of the liquid [1]. Thetron scattering) on crystalline substrates such as pyrolytic
superfluid excitation spectrum at low momentum transfergraphite [6—8], and indirectly (via third sound measure-
(0 < 2.4 A~ is well defined, clearly showing the quan- ments) on amorphous substrates [9], are consistent with
tum nature of the liquid via the long-lived excited states.the thermodynamic data (e.g., heat capacity [10—12] and
The dominant excitations, which determine the thermotormal fluid fraction [13,14]. However, the scattering we
dynamics of the liquid, are the phonons at IgWw(Q <  observe on this disordered substrate is lower in energy and
0.9 A=) and the rotons at higha? (Q = 1.9 A~1). At  has a smaller effective mass.
low temperature§T < 0.7 K) the liquid can be treated as  The measurements were carried out on the IN6 time-of-
a noninteracting gas of phonons, and above 1 K the liquidlight (TOF) spectrometer at the Institut Laue-Langevin
can be treated as an ideal gas of rotons. in Grenoble, France, and the Fermi Chopper Spectrome-

Confinement can have dramatic effects on the macrater (FCS) at the NIST Center for Neutron Research in
scopic properties of superfluid helium, especially near th&aithersburg, MD. Using an incident neutron wavelength
superfluid transition temperature. For instance, confineef 4.12 A (IN6) and 4.8 A (FCS) the (elastic) energy
ment in aerogel glass results in only a slight decrease iresolution is approximately 0.140 meV on each instru-
the transition temperatuf®, but dramatically changes the ment. The TOF data were taken at five temperatures
critical exponent [2]. Alternatively, confinement in porous between 500 mK and 1.9 K and converted $00, E)
Vycor glass results in a substantial decrease in the transiising standard techniques [15]. The instrumental reso-
tion temperaturé?, = 1.95 K) but no change in critical lution for the spectrometer (IN6) was determined from a
exponents. Recently studies of the microscopic dynamlow temperature (500 mK) scattering measurement of the
ics of helium confined in aerogel have reported [3,4] abulk liquid where the line shapes are extremely narrow
crossover behavior of the roton energy from a low tem{16]. In bulk helium measurements, where the scattering
perature regimél’ < 1.9 K) with a weak temperature de- length is on the order of cm, corrections for multiple scat-
pendence to a high temperature regime, where it exhibits #®ring must be performed. For helium confined to Vycor
strong temperature dependence. This anomalous tempei@hich contains remnant neutron absorbing boron) the ab-
ture dependence can be understood in terms of a compserption length is only of the order of mm. Thus multiple
tition between the temperature-dependent roton mean freszattering effects are negligible. This strong absorption
path and a temperature-independent length scale set by th&so prevents us from observing the phonons which occur
porous media. at lower scattering angles.

In this Letter we report neutron inelastic scattering mea- The (resolution-broadened) scattering at 500 mK for
surements of the collective excitation spectrum of supertwo scattering angles corresponding to wave vectors near
fluid helium confined in porous Vycor glass. We observethe roton minimum are shown in Fig. 1. The background,
a strong excitation similar to the roton observed in the bulkconsisting of the Vycor plus the aluminum sample can,
liquid which we shall refer to as the three-dimensional (3D)has been subtracted from the data. There is a large
roton. We also observe additional scattering around thecattering peak at the elasti@@ = 0) position which
bulk roton minimum but lower in energy. This additional indicates that nondiffusive (solid) helium is present,
intensity is consistent with a two-dimensional (2D) rotonas expected from thermodynamic measurements [10].
which is confined to the higher density liquid layer nearSince this scattering involves both helium-helium and
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006 [ T T T T T ] uid [19]. Therefore it seems unlikely that the low energy
[ ] scattering is simply the density shift of the 3D roton en-
0=7532° ] ergy. A 2D roton has previously been observed directly

0.05 3-D roton

061 1 ] via neutron inelastic scattering from helium films on crys-
04 }H] 2Droton \ ] talline substrates [6,7,20]. Theoretical predictions of the

0.2 |-

0.04

_ 2D roton energy+0.52 meV [18]) and experimentally de-
N T=500mK | ] termined values=£0.54 meV [7]) on crystalline substrates
18 185 19 185 2 205 21 ] are larger than the values we observe in Vycor. The inset
] of Fig. 1 shows the approximate position of the additional
scattering intensity as a function @fat 0.5 K. The disper-
sion of this scattering is consistent with a Landau form with
a roton energy gapA,p = 0.3 = 0.2 meV; wave vec-
tor, 0° = 1.87 = 0.10 A~!; and effective massy =
(0.02 = 0.13)my.. Since the intensity is so weak, itisim-
possible to extract these parameters with much precision.
The effective mass cannot be reliably determined due to
B (meV) ' the large error bars but it seems to be much smaller than
, values from theoretical predictions [18] or from experi-
iﬂg .a%fgl gs(,‘ﬁ%ggg’gg dbeé%lfgé??ggafggtgaeﬁﬂh(faor( gvd’ﬁ()sﬁgt%ir' mental measurements on crystalline substrates [21]. While
momentum(1.92 A-!). Shaded areas indicate additional scat-there appears to be some difference between the 2D roton
tering intensity lower than the bulk roton. Dashed lines denotédarameters found in this experiment and previous measure-
fits to each individual scattering component (long-dashed linements on crystalline and amorphous substrates, the uncer-
3D roton; short-dashed line: multiphonon; bold-dashed line: 2Dginties on these parameters preclude us from making a
roton), and the solid line is the sum of these components. INyefinitive statement concerning these differences.
set: The dispersion of the 3D and 2D rotons (shaded region . .
extracted from the scattering data. The variation with temperature of the 3D roton energy,
Asp, extracted by fitting a damped-harmonic oscillator
line shape [16] (convoluted with the instrumental reso-
helium-Vycor correlations and results from the subtracdution function) to the scattering at each temperature
tion of two large peaks, we cannot estimate the amourdand momentum transfer, is shown in Fig. 2. The roton
of solid. energy at low temperature is higher than the bulk liquid
A second intense peak, at an energy transfer of abowalue and, although the error bars are large, clearly
0.75 meV, is also present whose momentum and energgxhibits a stronger temperature dependence than the bulk
transfer are consistent with a bulklike, or 3D, roton. Theliquid. The temperature dependence of the roton energy
effective mass of the 3D roton, which is determined byin the bulk liquid can be described within the theory of
the curvature of the dispersion curve (inset in Fig. 1)Bedell, Pines, and Zawadowski [22] which predicts
near the roton minimum, is the same as that in the
bulk liquid to within experimental errors. The 3D roton
scattering is accompanied by a broad component at higher 08 ——m——F————1—— 71—
energies, corresponding to multiphonon processes whose I
scattering extends from the roton energy upwards. In [
the bulk, the multiphonon scattering has no significant 0.5 |
contribution below the roton energy [16]. Similarly, while I
multiphonon processes alter the excitation spectrum in
helium films, they do not introduce any modes at these
low temperatures below the 2D roton energy at similar
momentum transfer [17]. i
An additional contribution to the intensity is observed 0.65 |- -
at energies below the 3D roton in the scattering from the [ ]
confined liquid. This scattering, which has an energy of i
0.3-0.5 meV, has a position, width, and amplitude con- Y B
sistent with theoretical predictions of a localized excita- 0 05 1 15 2 25
tion known as a 2D roton [5,18] which has been proposed T (K)

to exist within a dense liquid layer adjacent to the solid
layer(s) on the pore wall. The density of helium near th FIG. 2. Temperature dependence of the (3D) roton energy gap
Yy P ' Y &or helium in Vycor (open circles) and bulk helium (triangles)

pore wall is estimated to be abowti8 g/cm® [13] which  [16,26]. Solid iines are fits to the temperature-dependent roton
corresponds to a roton energy of 0.62 meV in the bulk lig-energy of Bedelkt al. [22] as discussed in the text.
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A(T) = Ay — Pa(1 + RJT)JT exp(—A/T), where the It is clear that both the 2D and 3D rotons must be
bulk values are Ap = 0.745 meV, P, = 2.13, and taken into account in determining the macroscopic prop-
R = 0.0603. Our measurements of the 3D roton in erties. At low temperature the 2D roton will dominate
Vycor yield best-fit parameters, shown by the solid line,the behavior due to its lower excitation energy, while at
of Ag = 0.759 meV, P, = 1.44, andR = 1.479. The high temperatures the 3D roton will primarily determine
value for R appears in both the expressions for thethe behavior. At intermediate temperatures both the 2D
temperature dependence AfT) and I'(T) so its value and 3D rotons will contribute to the macroscopic response.
was determined from a simultaneous fit which reduce§he contribution of the 3D roton to the heat capacity
the correlation amongk and the other fit parameters. is [23]
The P, term is determined by thé = 0 component of 1/2 2.2
roton-roton scattering, which appears to be suppressed by 3P = ( ot ) kpQrA3p p(_ Asp ) (1)
confinement, while th& term is determined by the cubic phi(kpT)>/? kT
corrections to the roton dispersion relation, which appear,
to be larger here than in the bulk.

The microscopic excitations can be directly related(
to macroscopic quantities such as the heat capacityg

and superfluid fraction. For example, fér> 1 K the oD (MZD)I/Z kgOz° Adp p( A2D> )
R - = )

27

ﬁ/here,um, Asp, and Qg are the effective mass, energy,
and momentum of the 3D roton, apds the liquid density
/cm). A similar calculation for the 2D roton gives [24]

roton is the dominant excitation in determining the 2 o hi(kgT)3/? kT

heat capacity which, due to the roton energy gap, is

proportional tol ~3/2 exp(—A/kzT). Figure 3 shows the whereo is the densityg/cn?) of the higher density liquid
heat capacity results plotted so that this behavior yields &yer. A fit of the heat capacity data to a sum of the 2D
straight line with a slope oA. Previous thermodynamic (using the low temperature value fdrp) and 3D [using
measurements have extracted roton energies between 04 measured values fdy;p(7)] contributions is shown
and 0.53 meV [10,12,14], which are much lower than then Fig. 3. The 2D roton has a relative spectral weight of
bulk value of 0.745 meV, but higher than the energy 0f20%(*10%) compared to the 3D roton in agreement with
the 2D roton(~0.3 meV) we have observed. estimates of the number of atoms in the dense liquid layer
at the liquid-solid interface and liquid in the center of the
pores. It appears that the estimates of the roton energy
previously extracted from heat capacity measurements
(~0.5 meV) are a weighted average of the 2D (0.3 meV)
and 3D (0.745 meV) values. This behavi@d% 2D +

80% 3D) also adequately describes the superfluid frac-
tion data [25] as a function of as shown in the inset

of Fig. 3.

The roton linewidth, shown in Fig. 4, is different
from that observed in the bulk. It exhibits both a dif-
ferent temperature dependence than the bulk and a finite
value asT goes to zero. In the bulk liquid the roton
linewidth is determined by roton-roton scattering [22]
and is given byl'(T) = Pr(1 + RVT)JT exp—A/T),
where Pr = 3.59 meV, which is determined by the full
roton-roton scattering. Assuming that the roton linewidth
of the confined liquid results from a temperature-
independent component;;, which adds in quadrature
to a temperature-dependent component yields an ex-
pression for the linewidth ofl(T) = {I'§ + [Pr(1 +
0.5 055 06 0.65 0.7 075 08 0.85 0.9 R\/T)\/TEXFX—A/T)]Z}I/Z. A fit of this form, with

yT R constrained to have the same value as for the fit

FIG. 3. Heat capacity data (open circles) [11] and superﬂuiotO the 3D roton energy, ylel_dsFo = 0.033 meV and_
fraction data (inset, open circles) [25] plotted to illuminate Pr = 3.59 meV. It is interesting to note that the dif-
the 2D and 3D character in different temperature regimesferences in temperature dependence between the bulk
The solid line corresponds td = 0.52 meV extracted from  and confined liquid result from changes Rnrather than

the heat capacity measurements. The dashed line is the s ; ; ; ;
of the 2D (dash-dotted line) contribution and the 3D (dotte('JI~Wbm changes mP.F’ which is determined by overall
oton-roton scattering.

line) contribution. The inset shows the superfluid fraction as d o . )
function of temperature [25]. The bold-dotted line is a fit of ~ The finite roton linewidth of 0.033 meV at low tem-

the sum of the 2D and 3D contributions. peratures reflects an additional temperature-independent
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