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The nuclear acoustic resonance of He~ spins has been excited and detected via Rayleigh
waves on a metal surface. The signal is many orders of magnitude larger than the nucle-
ar acoustic resonance signal detected in the bulk of solids. Its magnitude is very sensi-
tive to surface damage. The effect has been observed with liquid He in contact with gal-
lium, aluminum, and gold.

Nuclear acoustic resonance (NAB) ha, s been ob-
served in solids. The resonance is excited ei-
ther via the quadrupolar coupling' or via the di-
polar one." To my knowledge, NAR has not
been observed in liquids. In this paper, I report
the observation of the NAR of liquid He' in con-
tact with a metal surface. The NAR is excited
by forcing the solid surface to vibrate during a
short time at a frequency and magnetic field
which correspond to the resonance condition for
the He' spins (bm =1 transition). The detection
is made by recording the free decay of the sur-
face vibration following the acoustic pulse. The
experiment is similar to Hahn's experiment with
radiofrequency waves. 4

The observation conditions of this new effect
are as follows: The sample is a metallic single
crystal which has two faces flat and parallel.
The area of these faces is about 1 cm' and the
distance between them is 1 cm. The sample is
in a liquid He' bath and has an J-cut quartz trans-
ducer bonded to one of its flat faces. The trans-
ducer diameter is 0.5 cm. An rf pulse of 1 p, sec
duration is applied to the transducer which con-
verts it into a longitudinal acoustic wave train
which propagates in the bulk and on the sample
surface. ' In the bulk, the wave is reflected suc-
cessively on the two parallel sample faces and

gives rise to acoustic echoes on the quartz trans-
ducer which are converted into rf pulses, then
amplified and demodulated.

On the other hand, a Rayleigh wave propagates
on the sample surface. Nevertheless, this wave
does not return toward the transducer because
the wave front (that one can consider circular in
the simplest case of an isotropic medium) does

not reach the different points of the sample edge
(which is rectangular) at the same time. It is
important to note at this stage that, except for
the special case considered later, the vibrations
of the quartz transducer are damped as soon as
the rf pulse is removed (i.e., less than 0.5 psec).
As a result, the quartz vibrates only when an
echo from the bulk reaches the sample surface.
When the magnetic field is set up (normal to the
sample faces in the present experiments), the
echo amplitude varies because of all the magneto-
acoustic effects. Nevertheless, one does not ob-
serve any change in the damping of the quartz
transducer.

When the NAR condition is fulfilled for the He'
spins (i.e., ~ =yH, where e is the acoustic angu-
lar frequency, y the gyromagnetic factor, and

H the magnetic field), one observes on the quartz
transducer an acoustic free decay (AFD) follow-
ing the acoustic pulse (i.e., the quartz does not
stop vibrating as soon as the acoustic pulse is
removed). The AFD is exponential (Fig. 1) and

is quite similar to the nuclear induction signal
induced in a coil following an rf pulse. 4 Further-
more, the AFD interfers with the echoes from
the bulk. So, when the magnetic field is swept
around the NAR, beats are observed.

Figure 2 shows the beat patterns obtained for
the successive echoes. From the amplitude vari-
ation of the first echo (Fig. 2), one can see that
the effect is very large. It gives an apparent at-
tenuation variation of the order of 3x10 ' cm '.
This value is to be compared with the usual at-
tenuation vibration due to the NAR in the bulk
which is of the order of 10 ' cm '." Figure 2

shows also that the period 5H„of the beat pattern
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FIG. 1. Amplitude of the AFD at the resonance as a
function of the time after the acoustic pulse. The time
duration of the pulse is 1 psec. The arrows indicate
the arrival times of the first three echoes from the
bulk,
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FIG. 2. Amplitude variation of the successive echoes
when the magnetic field is swept around the NAB.
=46.68 kOe is the value corresponding to the resonance
of the He spins for &=151.25 MHz.

for the nth echo is of the form 6H, /n, where 5P, is the period for the first echo.
Qne can explain this experimental result and calculate the value of the period 50„by supposing that

the frequency of the AFD is the I.armor frequency of the He' spins (as in the case of the nuclear induc-
tion signal in a coil, following an rf pulse). The superposition of the AFD and the nth echo on the
transducer can be written

A =A, cos(&u, t) +A, [Y(t —2nL/V, ) —Y(t —T —2nL/V, )]cos[~(t —2nL/V, )],

where ~, =@IIis the angular Larmor frequency of the spins, v the angular frequency of the acoustic
pulse, Y the Heaviside function, g the pulse duration (= 1 p. sec in this case), L the thickness of the
sample (=1 cm), and V, the sound velocity in the metal. In the time interval 2nL/V, &t & 2nL/V~+7'
(which is the arrival time of the nth echo on the transducer) Eq. (1) can be put in the form

A = (A, —A, ) cos[&u(t —2nL/V~)]+ 2A, cos[2(&uo —(u)t +nL/V, ]cos[2(&uo+ &u)t —nL/V~]. (2)

2A, cos[(yH —v)nL/V~+nL/V, ]. (3)

For A, A„ the first term is the unperturbed
echo. The second term is an oscillating signal,
the frequency of which is —,'(&u, +&a) =~. Its am-
plitude 2A, cos[-,'(v, —&u)t +nL/V, ] depends on time
and magnetic field (via vo). The time dependence
is negligible during the time interval 2nL/V, ~t
~ 2nL/V~+r since the condition (&u, —cu)T «2v is
experimentally satisfied when the magnetic field
value is near the resonance one. Hence, the am-
plitude of the second term of Eq. (2) can be writ-
ten

This expression depends on the magnetic field
and the echo number. A simple calculation gives
for the modulation period

(4)

In the case of gallium, one obtains from Eq.
(4) a value 5H, =63.2 Oe (the sample is a single
crystal having its faces normal to the b axis and
the sound velocity in this direction is 4.1 F10'
cm sec '). The experimental value is 6H, =63
+ 6 Oe (Fig. 2) and is in good agreement with the
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calculated one.
I have looked for the experimental conditions

required for the observation of the AFD. At
first, the sample in the He' bath must be a metal.
To prove this assertion, I have done an experi-
ment with a nondegenerate semiconductor (ger-
ms.nium doped with 10" indium/cm') and have
found that the AFD does not exist. ' I have record-
ed the effect in gallium, aluminum, and gold.
The experiment with the gold was done to prove
that there is no fundamental connection between
the AFD effect and the existence of an oxide lay-
er on the metal surface. The magnitude of the
effect is very sensitive to the quality of the metal
surface which holds the quartz transducer. When
this surface is damaged (defect size z acoustic
wavelength), the AFD is strongly reduced. Fur-
thermore, the AFD is 1 order of magnitude larg-
er in gallium than in aluminum and gold. This
fact can be explained by taking into account the
preparation difference between the samples.

For aluminum' and gold, the single crystals
were spark cut, mechanically polished, and then
annealed. Unlike these, the gallium was crystal-
lized in a mold which gave directly a flat sur-
face. ' Thus the gallium surface was certainly
less strained than the aluminum and gold ones.

I have also checked that there must be liquid
He' on the sample face which holds the transduc-
er. To do this, I have pumped on the He' bath
(at constant temperature) and observed the dis-
appearance of the AFD as soon as the liquid lev-
el was below the metal face. The frequency and
temperature ranges of the effect are as follows:
The ultrasonic frequency must be ~100 MHz and
the temperature ~ 1.7 K in order that the AFD be
observed. '

One can explain qualitatively the AFD effect by
taking into account the free Larmor precession
of the He' spins and the magnetic field associated
with the acoustic surface wave.

Following the acoustic pulse, a Rayleigh wave
propagates on the metal surface. The wave pro-
duces a lattice distortion and the electric field
associated with this strain is screened by the
conduction electrons. Thus an electr onic cur-
rent and a magnetic field are created. The mag-
netic field induces transitions in the spin system
in contact with the metal. Quinn and Ying' con-
sidered a similar spin-phonon coupling in the
bulk to deal with the NAB in metals.

Consider a surface element d$ in contact with
the liquid. When it is irradiated with an acoustic
pulse near the resonance, the phonons are ab-

sorbed by the nuclear magnetic moments in the
vicinity of d$. Following the pulse these mo-
ments return part of the absorbed acoustic ener-
gy to d$ during their free Larmor precession.
At this stage, there is a complete analogy be-
tween the AFD effect and Hahn's experiment. '
However, in the case presented here, it is nec-
essary to deal with the propagation of the acous-
tic wave, since the wavelength is much smaller
than the characteristic lengths of the sample sur-
face.

The phonons received by d$ from the nuclear
moments can propagate in any direction. Thus a
wave of the form e '~icos[~(t —2~/pR)] reaches
the transducer (T is the cha, racteristic relaxa-
tion time of the effect, V~ the surface wave ve-
locity, and x the distance between d$ and the ori-
gin). Integrating over all the free surface, one
can predict on the transducer an AFD of the form
e '~icos(et+@). In the case of Fig. 1, T is found
to be 11 p. sec. This value is much smaller than
the spin-spin relaxation time T, in liquid He'
which is about 3 sec.' It is not surprising to find
T much smaller than T, since in a quantitative
theory of the AFD effect it would be necessary to
take into account the effect of the metal surface
upon the relaxation processes and the spin diffu-
sion in liquid He'. Lastly, from papers on nu-
clear magnetic resonance in adsorbed films of
He', "it appears that a decay time of 11 p, sec is
not unusual near a surface.

The author is grateful to Professor J. Friedel
for valuable discussions.

+Laboratoire associe au Centre National de la Re-
cherche Scientifique.
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The short-wavelength collective excitations in liquid rubidium at 320 K have been stud-
0

ied by coherent neutron scattering. For values of & = 2&/A, up to 1.0 A ', clear evidence
of propagating modes was found from the shape of the scattering function S(K, ~) at con-
stant values of &. This result shows that the existence of such modes does not depend
upon either quantum effects or low thermal population of the modes.

The existence of propagating collective modes
of finite wavelengths in simple liquids is a sub-
ject of intense, continuing interest. Recent neu-
tron-scattering studies' of liquid parahydrogen
near its freezing point established the existence
of such modes for values of R =2~/A. as large as
3.1 A ', and suggested the existence of trans-
verse excitations. Since the first peak in the
structure factor S(1~) occurs at K = 2.0 A ', this
implies that the wavelengths of these modes are
smaller than typical interatomic spacings. Earli-
er measurements' on liquid lead near the freez-
ing point were interpreted as evidence for the ex-
istence of both longitudinal and transverse modes
with wavelengths comparable to two interatomic
spacings. Recent molecular-dynamics studies'
of a Lennard-Jones fluid with parameters chosen
to simulate liquid argon show evidence of such
excitations, but only for ~'s smaller than 0.3 A ',
implying wavelengths greater than 5-7 interatom-
ic spacings. Neutron-scattering studies' on liq-
uid argon at 85.2 K show no evidence of peaks
for values of ~ ~1.0 A '. In this Letter we pre-
sent neutron-scattering results for liquid Rb at
320 K which show evidence of "longitudinal"
modes for K ~ 1.0 A ', but no evidence of "trans-
verse" modes.

The lattice dynamics of Rb have been extensive-
ly studied, ' and the results have been used to de-
rive a volume-dependent effective two-body po-

tential. ' Molecular-dynamics calculations' with
this potential have been compared in detail to
neutron-scattering results' in the range 1.25& z
& 5.50 A ' and good agreement found. Further
computations' at wave vectors g & 1.0 A ' predict-
ed the existence of well-defined propagating
modes in the spectrum of density fluctuations.
Since the ratio of coherent~0 to incoheren
tron-scattering cross sections is high (o„„/;„
~ 1800), liquid rubidium is an excellent choice
for experimental study.

The experiments were performed at the ther-
mal-neutron time- of- flight spectrometer" at the
Argonne National Laboratory CP-5 reactor. The
incident energy was 33.0 meV, with an overall en-
ergy resolution of approximately 1.0 meV (full
width at half-maximum). As has been discussed
in Ref. 2, large incident energies are required in
order to make measurements at small momentum
transfers over a useful range of energy transfers.
Using the computer code MSCAT, "the sample
container was designed to maximize the ratio of
first scattering to multiple scattering, while
maintaining a, large first-scattering probability.
The final sample container consisted of 32 slabs
of liquid, each 2.54 cm wide by 0.22 cm high by
10.16 cm long, separated from each other by
horizontal boron-nitride spacers 0.10 cm thick.
Even with this large a sample (182 cm' of Rb) 32
days of running time were required. The alumi-


