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B

The two isotopes of helium offer unique opportunities to test fundamental theories of
quantum fluids. In liquid “He, a Bose liquid, the elementary excitations have been
studied extensively over the last two decades by neutron inelastic scattering. Similar
studies of liquid ®*He, the Fermi liquid counterpart of liquid *He, have become
possible only recently. From the results obtained so far for normal liquid 3He, the
existence of zero sound as a well defined density excitation at finite wavevectors
(¢ ~ g¢g) and finite temperatures (7" ~ T3) has been verified and the spin fluctuation
spectrum has been measured. By comparing the neutron scattering results for the
density fluctuation spectrum with R.P.A. calculations with generalized polarization
potentials, important information has been obtained about the effective spin-symmetric
interaction between 3He atoms. The spin fluctuation spectrum is in agreement with
the paramagnon model if a value close to unity is assumed for the contact dimension-
less paramagnon parameter /. This implies that the nuclear spin system in normal
liquid ®He is close to ferromagnetic.
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INTRODUCTION

A wealth of information regarding the elementary excitation spectrum in liquid *He has been
obtained from neutron inelastic scattering measurements over the past 20 years (Price 1978).
Practically all the information that is now available about the density fluctuation spectrum
on a microscopic level has been obtained from studies of this kind. In liquid ®He it is only
recently that such measurements have become possible. The reason for this is the large neutron
absorption cross section of the 3He nucleus, which renders neutron scattering experiments
rather difficult in this system.

In order to specify completely the dynamics of liquid 2He, it is necessary to determine both
the dynamics of the atoms (density fluctuations) and of the nuclear spin system (spin fluctuations).
It is a most fortunate circumstance that the neutron probe couples both to the density fluctu-
ations and to the spin fluctuations. This is due to the fact that the neutron scattering amplitude
of the 3He nucleus is different for the singlet and the triplet scattering states. The neutron
scattering function therefore contains two components, namely the spin fluctuation scattering
and the density fluctuation scattering.

The first neutron scattering results for liquid 3He are those reported by Scherm et al. (1974).
More extensive results were later reported by Stirling et al. (1975, 1976). These measurements
were all made at the high-flux reactor at Institut Laue-Langevin in Grenoble. The spectra
observed by the Grenoble group show a broad peak of inelastically scattered neutrons around
energy transfers corresponding to the excitation of single particle~hole pairs, i.e. single particle
excitations of the kind expected for a Fermi fluid, plus a long tail at larger energies. No evidence
of a collective density mode of the zero sound type, which was predicted over 10 years ago by
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606 K. SKOLD AND C. A. PELIZZARI

Pines (1966), was observed in these experiments. The lowest temperature of the Grenoble
experiments was 0.63 K and spectra were recorded for wavevector transfers larger than about
1 A-11. In a subsequent experiment by the present authors (Skéld et al. 1976), the neutron
scattering function for liquid *He at 15 mK was measured for wavevectors in the range
0.8 A-1 < ¢ < 2.2 A-1. These measurements were made at the CP-5 reactor at Argonne
National Laboratory and the results show structure not observed in the Grenoble results. In
particular, for ¢ < 1.3 A-1 the spectra display two peaks, namely one at ca. 0.2 meV and one
at ca. 1 meV. The low energy peak is within the particle-hole band and is identified as spin-
fluctuation scattering. The peak at ca. 1 meV is the zero sound mode predicted by Pines (1966).
In a second experiment, the Argonne Group measured the scattering function for wavevectors
down to 0.55 A-1 (Skold & Pelizzari 1977). In this case, dispersion of the zero sound mode is
observed at the smaller wavevectors. In a recent experiment, the Argonne group has determined
the scattering function at 40 mK and at 1.2 K and for wavevectors in the range 0.4 A-1 <
g < 2.2 A-1 (Skold & Pelizzari 1978a). These experiments were designed to study the tem-
perature dependence of the scattering function and, in particular, to elucidate the discrepancy
of the results obtained by the Argonne group and those obtained by the Grenoble group. The
results show that for ¢ < 1.2 A-1 and T = 1.2 K the zero sound mode is still a well defined
excitation but that the spin fluctuation peak shows considerable broadening at the higher
temperatufe. Thus, the discrepancy of the results obtained by the two groups can not be
reconciled by the difference in the temperatures at which the results were obtained.

In the present report the results obtained by the Argonne group are discussed in some
detail. The neutron scattering results are compared with theoretical predictions obtained from
R.P.A. calculations with generalized polarization potentials in the density fluctuation spectrum
and with the predictions of the paramagnon model in the spin fluctuation spectrum. It is
shown that the density fluctuation spectrum can be fitted with the R.P.A. results if ¢-dependent
effective interactions and a ¢g-dependent effective mass is assumed. The experimental results
for the spin fluctuation spectrum are in good agreement with the paramagnon model with the
paramagnon parameter close to 1, i.e. the nuclear spin system appears to be close to ferro-
magnetic.

THEORETICAL OVERVIEW

The theoretical models considered in this paper all have the same basic structure, namely
that of the R.P.A. theory. In this case the dynamical function of interest is the density—density
(spin-spin) response function x%(¢, E), where C labels the density function and I labels the
spin function. The corresponding neutron scattering functions are related to the response

functions by 861(q, E) = —n-11Im x1(q, E). (1)
In the R.P.A. theory the response function is expressed in terms of the screened response
function, x$(¢, E), and the effective interaction, 3¢ 1(q):

e B) = 1+¢C)'(‘(q§q Séz(q, Ey’ @

The screened response function describes the response of the system to the sum of an applied

external field and the polarization fields produced by the density (spin) fluctuations. The
effective interaction measures the strength of the polarization fields.

t 1A =10m = 10~ nm.
[ 126 ]
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In the approach taken by Aldrich & Pines (1978), in addition to the scalar polarization field
produced by density fluctuations, the vector polarization field produced by current fluctuations
is also considered. The scalar interaction is derived from the Fourier transform of an assumed
analytical form for the effective two-body potential in r-space:

fs = 4—-;; jow dr r2 E—% M)+ ()} (3)

and so =7 @ By ) e, ()

where f1(r) (f1¥(r)) is the interaction between particles of parallel (antiparallel) spins. The
spin symmetric (s) and the spin asymmetric (a) interactions apply to the density fluctuation
and the spin fluctuation fields respectively. The repulsive part of the effective interaction is
parametrized in the following form:

SH(r) = a1 —(r/r{")8] r < 7o, (5)
with a similar expression for the spin asymmetric interaction. For r > r¢, an attractive van der
Waals interaction is assumed. For f§ it is further postulated that

HMO) +M0} = as[1=(r/r)f] 1 <7, (6)
i.e. the same functional form as in (5) is assumed. The value of a; is determined by f§ = 0
from the corresponding Landau parameter, while 74 is determined from a comparison with
the experimental neutron scattering results. In the spin asymmetric interaction, we consider
the effect of differences in 7Jt and 7J¥ on $(g, E). Aldrich & Pines (1978) also include the vector
interaction (w/¢)? g5 in their description of the density fluctuation spectrum. The parameter
g3 is related to the effective mass through

mg = my+ Ngj, (7)

where m, is the bare 3He mass and N is the number density. The effective mass parameter
my (or g8) is a phenomenological parameter in the theory and is adjusted to fit the neutron
scattering data. Finally, to allow for multi particle-hole contributions to ysc, the one-particle
Xse is renormalized according to

w9, E) = «d'x3(g, E) + x5 (9 E), (8)
where yg is the Lindhard response function with effective mass from (7), e, is another pheno-
menological parameter and ym is approximated by

Xgil(q’ E) = X%I(q’ 0). (9)
The phenomenological constants that appear in the theory are chosen such that in the limit
¢ — 0 the Landau-Fermi liquid theory is recovered.

The R.P.A. results with the phenomenological interactions described above are compared
with the neutron scattering results for the density fluctuation spectrum. As discussed by
Aldrich & Pines (1978), the same approach can also be used to analyse the spin fluctuation
spectrum. In this case the effective interaction is due to subtle differences between the inter-
action of particles of parallel spins and the interaction of particles of antiparallel spins (compare
equation (4)). It is observed that a difference of only 39, in the range of the repulsive core
could lead to a spin-wave instability at finite ¢.

[ 127 ]
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In a recent publication by Beal-Monod (1979), the spin fluctuation spectrum is analysed
within the framework of the R.P.A. theory but with the parameters chosen in accordance with
the values appropriate to the paramagnon model (Doniach & Engelsberg 1966). In this case,
the tendency to magnetic ordering is emphasized, the mass enhancement is neglected and the
interaction is represented by the contact spin-spin repulsion parameter /:

Xl(q, E) = Xo(q, E)/{l +IX0(9, E) }9 (10)

where y, is the Lindhard function for the bare mass. From the neutron scattering results
published earlier by the present authors (Skéld et al. 1976), Beal-Monod obtains I ~ 0.9.
This is consistent with the experimentally observed enhancement in the static susceptibility.
As I = 1 is the Stoner criterion for a ferromagnetic instability, the results imply that normal
liquid 3He at low temperatures (7" < Ty) is nearly ferromagnetic. These conclusions are
supported by the results presented in this paper in which recent and more extensive neutron
scattering results are compared with the predictions of the paramagnon model.

EXPERIMENTAL ARRANGEMENTS

The experimental arrangements are described in detail by Skéld et al. (1980). In the present
context a brief summary of the most important aspects will therefore suffice.

The experiments reported here present several difficulties not ordinarily encountered in
neutron scattering measurements. Most importantly, the large ratio of the neutron absorption
cross section and the neutron scattering cross section of the 3He nucleus (o, ~ 11000 bt at
A, ~ 4 A; o5 ~ 6 b) severely limits the statistical accuracy of the experimental results. Also,
the weak signal from the sample requires that the experimental arrangement be designed
such that systematic errors are minimized as much as possible. To study the fully developed
quantum statistical properties of a Fermi fluid the temperature should be well below the
Fermi temperature. For liquid *He (7§ ~ 1.5 K) this implies that the temperature of the
measurement should be less than a few tenths of a kelvin and a dilution cryostat is therefore
required.

The neutron scattering experiments were made at the TNTOFS spectrometer at the CP-5
reactor at Argonne National Laboratory (Kleb e al. 1973). The TNTOFS instrument is a
time-of-flight spectrometer which can be used either with a conventional Fermi chopper or
with a statistical chopper. The statistical chopper has a duty cycle of ca. 50 %, and is in general
superior to the conventional chopper in applications where the total background on the detector
is larger than twice the total signal that is obtained when the conventional chopper is used
(Skold 1968a, b; Price & Skold 1970). In the present experimental situation the background
is two orders of magnitude larger than the signal for the conventional chopper and the statistical
chopper therefore offers a significant advantage in this case. ’

The large absorption in the sample enhances the relative importance of extraneous scattering
in the sample region, such as scattering from the sample container. With a strongly absorbing
sample the only practical configuration is to scatter neutrons off the sample surface with the
detectors in reflexion geometry. This arrangement is illustrated schematically in figure 1 for
a container of conventional design and for the particular container used in the present studies.
With sample in the container, neutrons are scattered in a thin layer at the surface of the sample

1 1barn (b) = 10-28 m2,
[ 128 ]
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ELEMENTARY EXCITATIONS IN LIQUID 3He 609

(the 1/e distance for 4 A neutrons in liquid 3He is ¢a. 0.05 mm) and also in the front wall of
the container. The data must be corrected for the scattering in the front wall and this com-
ponent is determined in a separate experiment in which the scattering from the empty container
is measured. However, with the container empty, neutrons also strike the back wall of the
container. For a container of conventional design, neutrons scattered off the back wall can
reach the detectors. With the wedge-shaped container used in the present studies, neutrons
striking the back wall cannot reach the detectors and the scattering from the front wall is in
this case properly determined from a separate experiment with the container empty.

*He
7] cd

FiGURE 1. (a) Sample container of conventional design; (b) the particular design used
’ in the present experiments.

The data must also be corrected for the energy dependent absorption in the sample. This
correction is sensitive to the inclination of the sample surface to the incident and to the scattered
neutron beams. As explained by Skéld et al. (1980), with a special device the orientation of the
sample inside the cryostat is determined to within +0.25°. To determine the scattering func-
tions of an absolute scale, it is furthermore necessary to calibrate a number of spectrometer
constants, such as the efficiencies of the beam monitors and of the detectors. This is accomplished
by measuring the number of neutrons elastically scattered from a slab of vanadium into each
detector for a given count on the beam monitors. The absolute normalization of the experi-
mental scattering function is accurate to within ca. 10%,.

The scattering functions are determined for 7' = 40 mK and for 7 = 1.2 K and in each
case time-of-flight spectra are recorded at 15 angles of scattering in the range 13.2-1 10.4°.
The incident neutron energy is 4.94 meV and the energy resolution of the instrument varies
from 0.25 meV at small angles of scattering to 0.30 meV at large angles of scattering.

EXPERIMENTAL RESULTS

By using standard correction procedures (Copley et al. 1973), the experimentally observed
time-of-flight spectra are converted to scattering functions at constant angle of scattering. As
explained above, the observed functions contain contributions both from the density fluctuation
scattering and from the spin fluctuation scattering, weighted by their respective bound scattering

cross sections
S(g, E) = 8%g, E) + (03/0c) $X(g, E), (11)
[ 129 ] 46-2
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610 K. SKOLD AND C. A. PELIZZARI

where o¢ = 4.9 b is assumed for the coherent cross section (Kitchens e al. 1974); the value
for the spin-dependent scattering cross section, oy, is discussed below. Examples of experi-
mentally determined scattering functions at constant angles of scattering are shown in figure 2
for the two temperatures of the experiment. In the constant-angle representation, the value of
the wavevector transfer varies with the energy transfer, and selected values of ¢ are shown at
the top of the graphs in figure 2.

g= 036 040 0.50 0.60 036 040 050 0.60

@ b & |
! {f {1t 5 ] 13.2°

1.0

« 05F 1t -
% * i % %
£ e §§§§ 3 1T & <§§§§ 35 1 36.6°
o 3 o
S olae H{% L éHH,
1126 1.I22 1.'19 1.'19 1r26 1122 1.'19 1.I19
0.5 1t -

§'§§&§§§ ;
@ 3z 3
o2 1Tl %

0 1 2 3 0 1 2 3
E/meV
FiGure 2. Selected examples of the scattering functions at constant value of the scattering angle. Data to the

left are for T = 40 mK and data to the right are for T = 1.2 K. Vertical bars on the data points indicate
the statistical uncertainty of the data points (+ 1 standard deviation). Values of g are in reciprocal ngstréms.

4 50.1°

S
¥
—’_g
|
i
-
Lo

Analysis of the scattering functions in terms of theoretical models is best done at constant
value of ¢, and such representations are presented and discussed below. It is useful, however,
to identify important features in the results shown in figure 2, as these are more directly related
to the actual observations. From the results shown in figure 2 the following general conclusions
can be drawn. For small values of ¢ the scattering functions show two peaks, one peak at ca.
0.1-0.2 meV, which is due to the excitation of particle-hole (p-h) pairs, and one peak at ca.
1 meV, which is the zero sound mode. For ¢ 2 1.3 A-1, the two peaks merge, the zero sound
mode approaches the upper edge of the p—h band and is Landau damped. The spectral weight
of the tail at large energies, which is identified as multiple p-h excitations, increases with
increasing ¢ as expected. From the results shown in figure 2 it is clear that the zero sound

[ 130 ]
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ELEMENTARY EXCITATIONS IN LIQUID 3He 611

mode continues to be a well defined excitation at 1.2 K while the p-h peak shows considerable
broadening at the higher temperature. The thermal broadening is clearly displayed in the
middle graphs in figure 2. For the data shown in the top graphs in figure 2 the shape of the
spin fluctuation spectrum is dominated by the instrumental resolution and the broadening
with temperature is therefore not obvious in this case (AE,,; ~ 0.25 meV).

1.0}
{ ¢ =04A"
0
0.5}
0.8
0
0.5
] 1.0
1\ L
SN
]
&
X 05
<3] J
= ]
& 1.2
Ao
1.6
2.0

E/meV
Fi1cure 3. Selected examples of the scattering function at constant value of the scattering vector, g. The solid

lines are fitted by eye to the results for 7 = 40 mK (left) and are also shown together with the results for
1.2 K (right).
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612 K. SKOLD AND C. A. PELIZZARI

To facilitate comparison with theoretical models, it is convenient to consider the scattering
function at constant value of ¢ rather than at constant angle of scattering. The constant ¢
representation is derived by interpolation of the functions measured at constant angles of
scattering. For each energy transfer, a cubic spline is fitted by least squares to the 15 constant-
angle data points and the spline function is then used as a representation of the scattering
function at arbitrary values of ¢. For a detailed account of the interpolation procedure, see
Skold et al. (1980). Examples of the constant ¢ results are shown in figure 3. The solid curves
in figure 3 are fitted by eye to the 40 mK data and are also shown with the 1.2 K data to
demonstrate the change in the scattering function with temperature. The main features of
the constant ¢ curves are similar to those already observed in the constant-angle data, namely,
for ¢ $ 1.3 A1 the scattering function shows two peaks plus a tail at large energies. The
major difference between the data at 40 mK and at 1.2 K is the broadening observed in the
particle-hole spectrum. The interpretation of the results in quantitative terms is discussed in
the next section.

THEORETICAL INTERPRETATION

For detailed analysis of the experimental results we concentrate on the data for 7 = 40 mK.
As noted above, the major difference between these results and those observed at 1.2 K is
the broadening of the particle-hole spectrum at the higher temperature. For a discussion of
finite temperature effects, see recent publications by Glyde & Khanna (1977, 1980) and Aldrich
& Pines (1978).

To extract quantitative information from the experimental results, a phenomenological
function has been fitted by least squares to the observed scattering function. The phenomeno-
logical function is the sum of three components, namely one function that describes the p-h
spectrum, one that describes the zero sound peak and one that accounts for the multi-pair
(m.p.) spectrum at large energies.

From a consideration of the Landau limit of the R.P.A. theory, it is easy to show that the
spectral weight of the density fluctuation spectrum inside the p~h band is negligible at small
values of ¢ (Aldrich et al. 1976a). The p-h spectrum is therefore dominated by spin fluctuation
scattering and in the fitting procedure it is assumed that this is the case at all values of ¢
considered (¢ < 1.3 A-1). This component is represented by the paramagnon model (equation
(10)) with 7 and the weight as fitting parameters. The theoretical function is folded with the
resolution function before being compared to the experimental points. The zero sound peak is
represented by a Gaussian function with position, width and area as parameters. The tail at
large energies is fitted by a Gaussian centred at 2 meV, and with f.w.h.m. equal to 2 meV.
As the statistical accuracy of the data at large energies is rather poor, the spectral weight of
this component has been adjusted such that the f~sum rule is satisfied for the density fluctuation
spectrum. The paramagnon model exhausts the f-sum rule for the spin spectrum and it is
therefore assumed that there is no spin contribution to the m.p. spectrum.

The general conclusion is that the phenomenological model described above allows a very
precise description of the experimental results; a typical example of the agreement achieved
is shown in figure 4. However, the result shown in figure 4 indicates that the three components
to the scattering function overlap to a substantial degree. This implies that the numerical
results obtained for the individual components are strongly correlated. To assess the uniqueness
of the results obtained from the model-fitting procedure, another model for the spin fluctuation
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ELEMENTARY EXCITATIONS IN LIQUID 3®He 613

spectrum is therefore also considered. In this case the p-h band is fitted by the function appro-
priate to the non-interacting Fermi gas with m§ = 3 m, and the spectral weight as the only
fitting parameter. The results of this model are shown together with those obtained from the
paramagnon model whenever appropriate. The results obtained from this analysis are summar-
ized in figure 5. The energy of the zero sound mode is shown in figure 54, together with the p-h
band. The disappearance of the zero sound mode at ¢ ~ 1.3 A-1is seen to be consistent with
m¥ = 3 m, Landau damping (decay of the mode into p-h excitations) will act to damp the

=

.51

(g, E)/(meV)~2

F1cure 4. Example of the fit of the phenomenological function to the experimental scattering function as explained
in the text. The solid line shows the sum of the component functions (broken curves).

mode very efficiently as the mode approaches the band edge and the position of the band edge
is determined by m¥. The theoretical curve shown in figure 5a is the result obtained by Aldrich
& Pines (1978) and is adjusted to fit the curve shown by the open circles, which were the only
results available at that time. Although the present analysis of the experimental results suggests
a need to re-evaluate the parameters in the R.P.A. model it is of interest to discuss the impli-
cations of the theoretical fit. The R.P.A. results are based on 7! = r{* = 3.0 A, which should
be compared with the value 2.68 A which these authors obtain from a similar analysis of
the excitation spectrum of liquid *He (Aldrich & Pines 1976; Aldrich et al. 19765). They
speculated that the difference between liquid *He and liquid *He is due to more effective
short-range screening of the bare interaction in the case of liquid *He, which has a much larger
zero point amplitude. Aldrich & Pines (1978) suggest that an experiment on liquid *He at
elevated pressure, such that the zero point amplitude is reduced to a value comparable to that
in liquid “He at s.v.p., may help to verify this hypothesis. Such experiments have been attempted
(Hilton et al. 1978; Skold & Pelizzari 19785) but so far results that are accurate enough to be
useful in this regard have not been obtained. The pressure dependence of the zero sound mode
has also been discussed recently by Glyde & Khanna (1980).

Figure 55 shows the spectral weight of the zero sound mode. As in the case of the mode
energy, these results are also rather sensitive to the assumed shape of the p~h spectrum. How-
ever, the overall shape of the curves are rather similar in the two cases and in general agreement
with calculations (Aldrich 1974). The sharp rise in the curve at ca. 1.2 A~ signifies the strong
coupling to p-h excitations as the mode approaches the band edge.

The results for the width of the mode, shown in figure 5¢, are perhaps more surprising. The
increase for ¢ 2 1.2 A1 is expected and is due to the onset of Landau damping. However,
the local increase in the width for ¢ ~ 0.6 A-1 is a novel feature, not predicted by any of the

[ 133 ]


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

614 K. SKOLD AND C. A. PELIZZARI

theoretical models currently available. We believe that this phenomenon can be explained if
reference is made to the dispersion curve shown in figure 54, namely, the zero sound mode
shows large positive dispersion in the range 0.5 A-1 < ¢ < 0.8 A1 and decay of the mode
into two excitations of lower ¢, and E is then kinematically allowed. This process has already
been considered for liquid *He where the positive dispersion is much less pronounced than
that observed here. However, in view of the large uncertainties in the present results and in the
absence of detailed calculations it is not meaningful to discuss this hypothesis quantitatively;
it is therefore left as a qualitative conjecture at this time. The width of the zero sound mode at
other values of ¢ could be explained by damping through decay into multipair excitations.
This process is not included in the R.P.A. calculations discussed above, as these calculations
use screened response functions corresponding to single excitations only. Decay of the zero
sound mode due to multipair interaction has, however, been considered by Glyde & Khanna
(1980). Using the theory for sound propagation in a dilute Fermi gas that includes scattering
of quasi-particles, they calculate that the width of the collective mode is 0.22 meV at g=0.5A"1
and 0.35meV atg = 1.0 A-1. Assuming, as above, that the peakin the width curve at ¢ x 0.6 A-!
is due to multiphonon decay and that the increase in the width for ¢ 2 1.2 A-1is due to Landau
damping, the results obtained by Glyde & Khanna for the multipair damping are entirely
consistent with the results shown by the solid circles in figure 5¢. Note that the experimental
results shown in figure 5¢ are corrected for resolution broadening and thus represent the true
line width of the mode. It should also be noted that the overlap of the p-h band with the
zero sound mode, such as shown in figure 4, does not suggest a damping mechanism as, for
reasons of symmetry, single particle spin fluctuations do not couple to the density mode.

Figure 5d shows the area of the m.p. spectrum. With the assumptions made above, the total
fitted function fulfils the f~sum rule. It is gratifying to note that the function is in very good
agreement with the data (compare figure 4). This implies that the absolute normalization of
the data is rather accurate. For small values of ¢ the spectral weight of the m.p. spectrum
should vary as g% The results shown in figure 54 are approximately consistent with this
behaviour at all values of ¢.

The result for the spin fluctuation spectrum are shown in figure 5¢, which shows the values
obtained for the paramagnon parameter, I, and for the weight function, o; /oc. For consistency
thevalueof i /o should be the same at all values of ¢. The present results yield /¢ = 0.2 + 0.05
for the average value. This is consistent with the result obtained previously from a direct
determination of the spin structure factor, namely /0 = 0.25 (Skold et al. 1976). The value
for 7is in the range 0.9-1.0, which should be compared with = 0.895, the value obtained
from the enhancement in the static susceptibility, and to I ~ 0.9, the value obtained by Beal-
Monod (1979) from an analysis of earlier neutron scattering data by the present authors.
Within the accuracy of the methods used to extract J from the experimental scattering function,
these results are all consistent and support the view that normal liquid *He is nearly ferro-
magnetic. It would be of considerable interest to extend the neutron scattering measurements
to lower values of ¢ and to improve the energy resolution such that the intrinsic shape of the
spin fluctuation spectrum is resolved. This would allow a more definite comparison of the
neutron scattering results to the predictions of the paramagnon model. It would also be of
considerable interest to study the spin fluctuation spectrum at elevated pressure and to search
for indications of a magnetic instability in the nuclear spin system at finite g, as discussed by
Aldrich & Pines (1978).
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FiGure 5. Parameters of the phenomenological function fitted to the experimental neutron scattering function
for T = 40 mK. (a) Energy of the zero sound mode if the spin fluctuation peak is fitted by the paramagnon
model (o) and if the spin fluctuation peak is fitted by the free Fermi gas model (m). Open circles show the
results obtained if the peak positions are estimated by eye. (b) Spectral weight of the zero sound mode.
Symbols as above. (¢) Full width at half maximum of the zero sound mode. Symbols as above. (d) Area of
the multi-pair spectrum. Symbols as above. (¢) Parameters of the paramagnon model.

Discussion

The results discussed in this paper demonstrate that the neutron scattering results now
available for liquid ®He are accurate enough to allow very detailed comparison to theoretical
models. From a phenomenological decomposition of the scattering function, useful information
about both the spin fluctuation spectrum and the density fluctuation spectrum is obtained.
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The width of the collective density mode shows a complex behaviour as a function of the
wavevector transfer. The results suggest that decay into single pair and multipair excitations
as well as phonon—phonon decay may be important damping processes. The spin fluctuation
spectrum is analysed in terms of the paramagnon model and a value for the paramagnon
parameter close to unity is deduced.

For the future, it is suggested that measurements at elevated pressure would be of considerable
interest. In the density fluctuation spectrum a variation of the average density would elucidate
the importance of the zero point amplitude for the local screening of the effective repulsive
pair interaction. In the spin fluctuation spectrum a variation of the density may lead to an
enhancement in the spin-asymmetric interaction and, possibly, to a magnetic instability at
finite ¢. It would also be of considerable interest to study the spin fluctuation spectrum with
improved energy resolution such that the intrinsic shape of the paramagnon peak at small ¢
is resolved. This would allow a detailed examination of the spin contribution to the effective
pair interaction.
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