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Effects of Disorder on the Collective Excitations in Helium
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We present inelastic neutron scattering measurements of the roton excitation of superfluid helium
confined in two different porosity aerogels. The temperature dependence of the roton energy exhibits
an anomalous crossover behavior7at= 1.9 K. Below T, the roton energy is found to be weakly
temperature dependent while abdieit varies more rapidly than the bulk. A simple qualitative model
for this behavior in terms of a confined length scale is discussed. [S0031-9007(97)04946-6]

PACS numbers: 67.40.Hf, 61.12.Ex, 61.43.Gt

Liquid helium provides a model system on which thedescribe the microscopic dynamics of the superfluid and
effects of disorder on superfluidity [1,2] and even highdetermine the macroscopic properties exhibited by the lig-
T. superconductivity [3] have been studied. In high uid. For example, the superfluid fraction and heat capac-
superconductors it has been shown that dissipative supety, which are macroscopic properties, can be accurately
flow due to weakly pinned vortices is analogous to theobtained from the microscopic excitations by modeling
dissipative superflow of helium in porous vycor glass [3].the liquid as a noninteracting gas of phonons and rotons
The way in which disorder affects the macroscopic prop{8] except close td", where the number density of rotons
erties of liquid*He has been investigated in detail. Foris very high. Although these excitations can be treated in-
example, the superfluid fraction, which is the fraction ofdependently to yield the superfluid thermodynamics they
the liquid that flows without viscosity, has been measuredre, in fact, part of the same dispersion curve as shown in
for several different types of confining media such as vy+Fig. 1 [9].
cor, aerogel, and sol-gel glasses [4]. In vycor, which has Measurements of the excitation spectrum of the liquid
a compact structure with well definée-70 A) pores and  confined in aerogel at low temperatuf@s< 1.3 K) have
a single characteristic length scale, the superfluid transshown that the excitations behave like those of the bulk
tion is considerably suppressed but has the same criticuid [8,10,11]. However, the temperature dependence of
exponent (0.674) as the bulk superfluid indicating that it
remains in the same universality class [1,2]. In contrast, L L B L
confinement in aerogel, which is formed by a gelation of o
a silica solution and is characterized by a wide range of 14 F
length scales, changes the superfluid transition tempere r
ture by only a few millikelvin while drastically changing r
the critical exponent (0.813), indicating that the system is 1 E
in a new universality class [1,5]. & ;

While the macroscopic effects of disorder have been§ 08 ¢
extensively studied and a detailed understanding is de 4, [
veloping there has been little work, either theoretical or .
experimental, on how disorder affects the collective exci- 04 [
tations of the superfluid. For superfluid helium the col- . 3 l ]
lective excitations of importance are the phonon, which - ]
represents long wavelength density fluctuations (cf. sounc 0~
waves in a solid), and the roton, which has historically o 1 2 3 4 5
been viewed as a microscopic vortex ring with a core Q&h
just large enough for a single atom to pass through [6].

More modern theories treat the roton as a low energyp & - BRSSO TR ol BUDC (solid line) and 1.9 K
short wavelength density excitation, characteristic of thQdash-dotted line) and the confined liquid at 1.3 K (open circles)

superfluid phase, with a wavelength characteristic of th@nd 1.96 K (solid circles). Dotted lines join the data points for
interatomic spacing of the liquid [7]. These excitationsthe confined liquid.

phonon

IG. 1. Dispersion relation for superfluid helium. Inset:
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the roton energy below 1.9 K is smaller than that observetb a single damped harmonic oscillator (DHO) form [16]
in the bulk liquid. Sokolet al. have shown that this (see Fig. 2). The DHO, which provides an excellent
different temperature dependence can be directly relatedescription of bulk'He data, was used to obtain the roton
to the effective superfluid fraction of the confined lig- energy and width (inverse lifetime).
uid [8]. In addition to instrumental resolution, the data were
In this Letter we present new high resolution measureeorrected for multiple scattering effects using standard
ments of the collective excitations as determined by incorrection techniques for neutron scattering from this
elastic neutron scattering in the superfluid phase. Ousystem [15]. The excitation energies in the vicinity of
measurements, which were carried out on samples of twthe roton minimum are well described by the Landau
different porosities, extend from 1.25 K, where previousexpression [17]
measurements have shown that the collective excitations R0 — Og)>
have the same energy as in the bulk liquid, to tempera- EQ,T) = A(T) + ——————, ()
tures near the superfluid transition. These measurements 2u
show that there is a sharp crossover at approximatelgs shown in the inset of Fig. 1, whef@y is the roton
1.9 K from a temperature variation that is weaker thanmomentum,u is the roton effective mass, anl is the
the bulk for low temperatures to one that is stronger tharioton energy gap.
the bulk at high temperatures. We present a simple model The temperature dependence of the roton energy gap,
that identifies this crossover with a competition betweenA(7) for both the confined liquid and the bulk liquid, is
the intrinsic length scale in the superfluid, which is set byshown in Fig. 3. At the lowest temperature studie@’)
the roton-roton interactions, and the length scale imposeth the confined liquid is nearly identical to that of the bulk
by the confining medium. liquid. The variation with temperature, however, is quite
We have performed inelastic neutron scattering meadifferent from that of the bulk. At low temperaturs7’)
surements on superfluid helium in aerogels of 90% andéh the confined liquid varies more slowly with temperature
95% porosity. The measurements were carried out othan in the bulk while at high temperatura$7’) exhibits
the IRIS inverse time-of-flight spectrometer [12] at thea stronger temperature dependence than the bulk. A sharp
ISIS pulsed neutron source (Rutherford Appleton Labo<crossover between these two behaviors occurs at 1.9 K.
ratory) and the SPINS triple-axis spectrometer (TAS) aflhis behavior is in distinct contrast to the behavior of the
the Cold Neutron Research Facility (CNRF), NIST. Us-roton in bulk helium which is a smooth monotonically
ing the pyrolytic graphite [002] analyzer reflection with decreasing function of temperature as also can be seen in
a fixed final energy of 1.859 meV and an (elastic) en-the figure. The experimental line shapes of Fig. 2 confirm
ergy resolution of 15«eV, the IRIS spectrometer covers these conclusions.
a momentum transfer range 63 < Q < 2.1 A~! with While detailed theories are still being developed, it is
an associated energy-transfer range—®2 to 1.6 meV  generally agreed that temperature variation of the roton
(neutron energy loss), spanning the phonon-maxon-roton
region of the*He dispersion curve. SPINS was operated
in the constan® mode with a fixed final analyzer energy 45 P T e T
of 2.6 meV producing an (elastic) energy resolution of
30 peV. In all measurements the temperature was mea- [
sured by a germanium resistance thermometer with a sta- 35 [
bility of =0.015 K and the aerogel samples were filled
to 95% full pore capacity with high purityHe liquid.
The neutron data were converted to the dynamic scatter-
ing function S(Q, E) using standard techniques [13,14].
The dynamic scattering function is directly proportional
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to the space and time Fourier transform of the density- 20 3
density correlation function and provides direct informa- 15 |
tion on the relative motions of the collective excitations
which determine the properties of the liquid. 10 3

The dynamic scattering function of thele confined in 5 Lo NI R
aerogel is quite similar to that observed for bilte, as 0.5 06 0.7 08 0.9 1
reported previously [15]. The scattering function exhibits E (meV)

the familiar phonon-maxon-roton dispersion relation for , ] o
the elementary excitations which are characteristitHs FIG. 2. Resolution-broadened scattering data (helium in 90%

. . . aerogel; IRIS) as a function of temperature@at= 1.92 A1,
in the superfluid phase [15]. The single phonon-rotonre 5 ows indicate the locations of the roton energy in the

excitations are well defined and, after correcting for thepulk liquid at each temperature [24]. The solid lines are DHO
finite instrumental resolution, could be least-squares fitte€lts to the raw data.
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12 14 16 18 2 22 FIG. 4. Schematic representation of the two competing pro-
’ ’ Y ’ cesses contributing to the crossover behavior in the roton
energy. Roton-roton interactions have a strong temperature
FIG. 3. Roton energy gap as a function of temperature. Opedependence yielding a strongly temperature-dependent mean
circles, bulk*He data [24]; crosse$He in 95% aerogel [15]; free path whereas the roton-media interactions are approxi-
open triangles, this work 95% aerogel (SPINS); open squaresnately temperature independent. The intersection of the two
this work 90% aerogel (IRIS). Smoothed dashed lines joiningcurves separates the low temperature (weakly temperature-
the points have been added as a guide to the eye. A distinclependent) behavior from the higher temperature (strongly
crossover behavior can be seen at 1.9 K. The inset shows datamperature-dependent) behavior.
for the bulk (open squares) and confined liquid (95%—solid
triangles) plotted in a manner suggestive of the mean free path
for roton-roton interactions. The straight solid line is a fit to
the bulk data. The confined liquid shows a clear departurgvhich is illustrated in Fig. 4. For bulk helium it ithis
from the bulk liquid which is most apparent at the Crossoveliangth scale which determines the temperature variation
temperature. of the roton energy. Confinement in aerogel introduces a
second length scalé,, which is determined by elastic
) ) ) o ~ scattering of rotons from the fixed confining medium.
energy gap and the linewidth in the bulk liquid arisesThjs |ength scale will be set by the size of the open
. 1 ) : . :
be characterized by the roton mean free path 7—  roton scattering. Since the pore size does not change with
[18], wheren is the number density of rotons ardis  temperature, this second characteristic length scale will
the roton-roton scattering cross section. The interactiobe a constant independent of temperature (see Fig. 4).
between rotons can be described in terms of an effectivat low temperatures the roton mean free path is much
potential that is weakly attractive and gives a scatteringarger thanly and the energy of the roton will be
cross section of-7 A? [19]. The rotons may be treated determined primarily by roton-medium scattering. At
as distinguishable particles as long as their density is lovigh temperaturedy is less thanly; and roton-roton

enough (i.e.ng < (?—;;)3). For low roton densities this interactions will dominate the temperature dependence

results in a roton number density [20] of of the roton giving a behavior more similar to the bulk
203 [ pksT\!/2 liquid. A crossover between these two different regimes
nR = T( 3 > ~A/keT (2)  will occur whenly; ~ Iz. The data above 1.9 K indicate

) o that the temperature dependence of the roton energy is
This leads to a mean free path,(T), which is propor-  youghly the same as for the bulk but the values differ.
tional to7~'/2e¢%7 . The roton energy for the bulk, shown This could be due to interactions between the rotons
in the inset in Fig. 3, is in good agreement with this pre-and thermally activated excitations. As one approaches
dicted behavior. However, the energy of the confined lig-T), the interpretation of the temperature dependence is
uid deviates from the behavior predicted for bulk liquid not easily addressed and becomes especially difficult in
(straight line in inset of Fig. 3). This deviation is most light of confinement. However, the simple model of
pronounced at the crossover temperature. Fig. 4 qualitatively describes the behavior &{T) for
The temperature dependence of the roton energy gapmperatures not too close Tg.
in the liquid confined in aerogel can be understood, The density of rotons at this temperatuig (1.9 K), is
qualitatively, in terms of a confinement length scale.approximatelyl X 103 rotong/A3 giving a roton mean
The bulk liquid can be characterized by a temperaturefree path of~100 A in the bulk. Aerogel has an open
dependent length scale—the roton mean free patfi)  interconnected pore structure with many silica strands
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which can act as scattering centers. For a 90% porositis apparent that much more experimental work must be

aerogel the silica strands are about 20—50 A in diametedone to fully explore this possibility.
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