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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 behavior atTc  1.9 K. Below Tc the roton energy is found to be weakly
temperature dependent while aboveTc it 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]
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Liquid helium provides a model system on which th
effects of disorder on superfluidity [1,2] and even hig
Tc superconductivity [3] have been studied. In highTc

superconductors it has been shown that dissipative su
flow due to weakly pinned vortices is analogous to th
dissipative superflow of helium in porous vycor glass [3
The way in which disorder affects the macroscopic pro
erties of liquid4He has been investigated in detail. Fo
example, the superfluid fraction, which is the fraction
the liquid that flows without viscosity, has been measur
for several different types of confining media such as v
cor, aerogel, and sol-gel glasses [4]. In vycor, which h
a compact structure with well defineds,70 Åd pores and
a single characteristic length scale, the superfluid tran
tion is considerably suppressed but has the same crit
exponent (0.674) as the bulk superfluid indicating that
remains in the same universality class [1,2]. In contra
confinement in aerogel, which is formed by a gelation
a silica solution and is characterized by a wide range
length scales, changes the superfluid transition tempe
ture by only a few millikelvin while drastically changing
the critical exponent (0.813), indicating that the system
in a new universality class [1,5].

While the macroscopic effects of disorder have be
extensively studied and a detailed understanding is
veloping there has been little work, either theoretical
experimental, on how disorder affects the collective ex
tations of the superfluid. For superfluid helium the co
lective excitations of importance are the phonon, whi
represents long wavelength density fluctuations (cf. sou
waves in a solid), and the roton, which has historica
been viewed as a microscopic vortex ring with a co
just large enough for a single atom to pass through [
More modern theories treat the roton as a low energ
short wavelength density excitation, characteristic of t
superfluid phase, with a wavelength characteristic of t
interatomic spacing of the liquid [7]. These excitation
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describe the microscopic dynamics of the superfluid a
determine the macroscopic properties exhibited by the l
uid. For example, the superfluid fraction and heat capa
ity, which are macroscopic properties, can be accurat
obtained from the microscopic excitations by modelin
the liquid as a noninteracting gas of phonons and roto
[8] except close toTl where the number density of rotons
is very high. Although these excitations can be treated
dependently to yield the superfluid thermodynamics th
are, in fact, part of the same dispersion curve as shown
Fig. 1 [9].

Measurements of the excitation spectrum of the liqu
confined in aerogel at low temperaturessT , 1.3 Kd have
shown that the excitations behave like those of the bu
liquid [8,10,11]. However, the temperature dependence

FIG. 1. Dispersion relation for superfluid helium. Inse
Roton minimum for bulk helium at 1.3 K (solid line) and 1.9 K
(dash-dotted line) and the confined liquid at 1.3 K (open circle
and 1.96 K (solid circles). Dotted lines join the data points fo
the confined liquid.
© 1997 The American Physical Society
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the roton energy below 1.9 K is smaller than that observe
in the bulk liquid. Sokol et al. have shown that this
different temperature dependence can be directly relat
to the effective superfluid fraction of the confined liq
uid [8].

In this Letter we present new high resolution measur
ments of the collective excitations as determined by in
elastic neutron scattering in the superfluid phase. O
measurements, which were carried out on samples of tw
different porosities, extend from 1.25 K, where previou
measurements have shown that the collective excitatio
have the same energy as in the bulk liquid, to temper
tures near the superfluid transition. These measureme
show that there is a sharp crossover at approximate
1.9 K from a temperature variation that is weaker tha
the bulk for low temperatures to one that is stronger tha
the bulk at high temperatures. We present a simple mod
that identifies this crossover with a competition betwee
the intrinsic length scale in the superfluid, which is set b
the roton-roton interactions, and the length scale impos
by the confining medium.

We have performed inelastic neutron scattering me
surements on superfluid helium in aerogels of 90% an
95% porosity. The measurements were carried out
the IRIS inverse time-of-flight spectrometer [12] at th
ISIS pulsed neutron source (Rutherford Appleton Labo
ratory) and the SPINS triple-axis spectrometer (TAS)
the Cold Neutron Research Facility (CNRF), NIST. Us
ing the pyrolytic graphite [002] analyzer reflection with
a fixed final energy of 1.859 meV and an (elastic) en
ergy resolution of 15meV, the IRIS spectrometer covers
a momentum transfer range of0.3 , Q , 2.1 Å21 with
an associated energy-transfer range of20.2 to 1.6 meV
(neutron energy loss), spanning the phonon-maxon-rot
region of the4He dispersion curve. SPINS was operate
in the constantQ mode with a fixed final analyzer energy
of 2.6 meV producing an (elastic) energy resolution o
30 meV. In all measurements the temperature was me
sured by a germanium resistance thermometer with a s
bility of 60.015 K and the aerogel samples were filled
to 95% full pore capacity with high purity4He liquid.
The neutron data were converted to the dynamic scatt
ing function SsQ, Ed using standard techniques [13,14]
The dynamic scattering function is directly proportiona
to the space and time Fourier transform of the densit
density correlation function and provides direct informa
tion on the relative motions of the collective excitation
which determine the properties of the liquid.

The dynamic scattering function of the4He confined in
aerogel is quite similar to that observed for bulk4He, as
reported previously [15]. The scattering function exhibit
the familiar phonon-maxon-roton dispersion relation fo
the elementary excitations which are characteristic of4He
in the superfluid phase [15]. The single phonon-roto
excitations are well defined and, after correcting for th
finite instrumental resolution, could be least-squares fitte
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to a single damped harmonic oscillator (DHO) form [16
(see Fig. 2). The DHO, which provides an excellen
description of bulk4He data, was used to obtain the roton
energy and width (inverse lifetime).

In addition to instrumental resolution, the data wer
corrected for multiple scattering effects using standar
correction techniques for neutron scattering from thi
system [15]. The excitation energies in the vicinity o
the roton minimum are well described by the Landa
expression [17]

EsQ, T d  DsT d 1
h̄2sQ 2 QRd2

2m
, (1)

as shown in the inset of Fig. 1, wherēhQR is the roton
momentum,m is the roton effective mass, andD is the
roton energy gap.

The temperature dependence of the roton energy ga
DsT d for both the confined liquid and the bulk liquid, is
shown in Fig. 3. At the lowest temperature studiedDsT d
in the confined liquid is nearly identical to that of the bulk
liquid. The variation with temperature, however, is quite
different from that of the bulk. At low temperaturesDsT d
in the confined liquid varies more slowly with temperature
than in the bulk while at high temperaturesDsT d exhibits
a stronger temperature dependence than the bulk. A sh
crossover between these two behaviors occurs at 1.9
This behavior is in distinct contrast to the behavior of th
roton in bulk helium which is a smooth monotonically
decreasing function of temperature as also can be seen
the figure. The experimental line shapes of Fig. 2 confirm
these conclusions.

While detailed theories are still being developed, it i
generally agreed that temperature variation of the roto

FIG. 2. Resolution-broadened scattering data (helium in 90
aerogel; IRIS) as a function of temperature atQ  1.92 Å21.
The arrows indicate the locations of the roton energy in th
bulk liquid at each temperature [24]. The solid lines are DHO
fits to the raw data.
5275



VOLUME 79, NUMBER 26 P H Y S I C A L R E V I E W L E T T E R S 29 DECEMBER 1997

-
n
re
an
i-
o

re-
ly

n
a

.

e
ith
ill
4).
h

e

s

is
.
s
s
is
in

s

FIG. 3. Roton energy gap as a function of temperature. Op
circles, bulk4He data [24]; crosses,4He in 95% aerogel [15];
open triangles, this work 95% aerogel (SPINS); open squar
this work 90% aerogel (IRIS). Smoothed dashed lines joinin
the points have been added as a guide to the eye. A disti
crossover behavior can be seen at 1.9 K. The inset shows d
for the bulk (open squares) and confined liquid (95%—sol
triangles) plotted in a manner suggestive of the mean free p
for roton-roton interactions. The straight solid line is a fit to
the bulk data. The confined liquid shows a clear departu
from the bulk liquid which is most apparent at the crossov
temperature.

energy gap and the linewidth in the bulk liquid arise
from roton-roton interactions. Roton-roton scattering ca
be characterized by the roton mean free pathl 

1
p

2ns
[18], wheren is the number density of rotons ands is
the roton-roton scattering cross section. The interacti
between rotons can be described in terms of an effect
potential that is weakly attractive and gives a scatterin
cross section of,7 Å2 [19]. The rotons may be treated
as distinguishable particles as long as their density is lo
enough (i.e.,nR ø s QR

2p d3). For low roton densities this
results in a roton number density [20] of

nR 
2Q2

R

h̄

µ
mkBT
8p3

∂1y2

e2DykBT . (2)

This leads to a mean free path,lRsT d, which is propor-

tional toT21y2e
D

kBT . The roton energy for the bulk, shown
in the inset in Fig. 3, is in good agreement with this pre
dicted behavior. However, the energy of the confined li
uid deviates from the behavior predicted for bulk liquid
(straight line in inset of Fig. 3). This deviation is mos
pronounced at the crossover temperature.

The temperature dependence of the roton energy g
in the liquid confined in aerogel can be understoo
qualitatively, in terms of a confinement length scale
The bulk liquid can be characterized by a temperatur
dependent length scale—the roton mean free pathlRsT d
5276
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FIG. 4. Schematic representation of the two competing pro
cesses contributing to the crossover behavior in the roto
energy. Roton-roton interactions have a strong temperatu
dependence yielding a strongly temperature-dependent me
free path whereas the roton-media interactions are approx
mately temperature independent. The intersection of the tw
curves separates the low temperature (weakly temperatu
dependent) behavior from the higher temperature (strong
temperature-dependent) behavior.

which is illustrated in Fig. 4. For bulk helium it isthis
length scale which determines the temperature variatio
of the roton energy. Confinement in aerogel introduces
second length scalelM, which is determined by elastic
scattering of rotons from the fixed confining medium
This length scale will be set by the size of the open
volume in the confining medium and the strength of th
roton scattering. Since the pore size does not change w
temperature, this second characteristic length scale w
be a constant independent of temperature (see Fig.
At low temperatures the roton mean free path is muc
larger than lM and the energy of the roton will be
determined primarily by roton-medium scattering. At
high temperatureslR is less thanlM and roton-roton
interactions will dominate the temperature dependenc
of the roton giving a behavior more similar to the bulk
liquid. A crossover between these two different regime
will occur whenlM , lR. The data above 1.9 K indicate
that the temperature dependence of the roton energy
roughly the same as for the bulk but the values differ
This could be due to interactions between the roton
and thermally activated excitations. As one approache
Tl, the interpretation of the temperature dependence
not easily addressed and becomes especially difficult
light of confinement. However, the simple model of
Fig. 4 qualitatively describes the behavior ofDsT d for
temperatures not too close toTl.

The density of rotons at this temperature,nRs1.9 Kd, is
approximately1 3 1023 rotonsyÅ3 giving a roton mean
free path of,100 Å in the bulk. Aerogel has an open
interconnected pore structure with many silica strand
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which can act as scattering centers. For a 90% poros
aerogel the silica strands are about 20–50 Å in diame
and each are separated roughly by 400 Å. The mean fr
path of a roton in this systemsl 

1
ns d is ,4500 Å. This

implies that the effect of the rotons interacting with th
silica strands is negligible compared to the roton-roto
interactions.

An alternative mechanism which can change the tem
perature dependence of the roton energy is trapped vor
ity in the disordered geometry. It is known that rotons ca
interact with quantized vortex lines as well as with othe
rotons [7]. Trapped vortex lines pinned in the porous me
dia could also give rise to a media induced scattering. R
cent theories of the superfluid transition indicate that th
appearance of thermally activated vortex lines plays a m
jor role in the superfluid transition [21]. Using the area
line density [22],s , 2 lnsDya0dyD2 with a length scale
due to confinement in the aerogelD , 400 Å, a vortex
core size of ordera0 , 1 Å [23], and the roton-vortex
line scattering lengthLRV , 150 Å [7] one finds the
characteristic length scaled , 1ysLRV to be ,100 Å
which is of the same order aslR at the crossover tempera-
ture. Thus the observed behavior of the roton may be d
to roton-vortex scattering at lowT and roton-roton scat-
tering at highT .

The model of roton-vortex line scattering predicts tha
there should be a shift in the crossover temperature f
confinement in materials of two different porosities. How
ever, it is clear from Fig. 3 that no such difference i
observable. One of the underlying assumptions of th
roton-vortex scattering model is that the pore size distrib
tions are narrow but aerogel, with its wide distribution o
pore sizes, certainly does not fall into this category. Thu
we expect that differences in the roton energy correspon
ing to differences in porosity on the order of 5% will be
negligible. A rough estimate of the shift in the crossove
temperature due to confinement in two materials with
narrow pore-size distribution with porosities of 90% an
95% is about 70 mK which may be observable. It is clea
that future measurements should be carried out on heliu
confined to systems with narrow, well-defined pore-siz
distributions to confirm the relevance of the model we hav
applied here.

In summary, the roton excitation has been studied f
superfluid helium in two different porosities of aerogel
For both samples, the roton energy exhibited a crossov
behavior in temperature which can be attributed to th
disorder introduced by confinement. This behavior ca
be interpreted in terms of length scales due to bo
confinement and the roton mean free path. While th
roton mean free path sets the scale for temperatu
above the crossover temperature, at temperatures be
the crossover temperature the temperature dependenc
the roton energy is suppressed. The effects of trapp
vorticity are consistent with the observed behavior but
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is apparent that much more experimental work must b
done to fully explore this possibility.
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