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both of which are mainly delocalized. This re-
sult points up a key reason for the success of in-
dependent-electron models for solids, namely
that the variable part of the electron-interaction
energy is a very small part of the total interac-
tion energy.
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We have observed a new interaction mechanism between a sound wave and the nuclear
spin system in a single crystal of aluminum. The coupling is via the oscillating magnet-
ic field induced by the sound wave in the presence of a large applied magnetic field and
the magnetic moment of the nucleus. The experimental results agree with the theoreti-
cal predictions based on this mechanism.

The acoustic excitation of nuclear-spin reso-
nance in metals has been reported unambiguously
in tantalum. ' We have recently observed the nu-
clear acoustic resonance in single crystals of ni-
obium. ' The interaction mechanism for both tan-
talum and niobium is the coupling between the os-
cillating electric field gradient created by the
sound wave and the electric quadrupole moment
of the nucleus. This is indicated by the observa-
tion of the Am = 2 transition as well as the 4m = 1

transition. We report in this Letter the observa-
tion of the acoustic excitation of the ~m = 1 nucle-
ar spin transition in a single crystal of alumi-
num' (at 300 and 77'K) and we present evidence
that the coupling mechanism is the interaction
between the oscillating magnetic field induced by
the sound wave in the presence of a large applied
magnetic field and the magnetic moment of the
nucleus.

According to the mechanism of Alpher and Ru-
bin the sound wave forces a mechanical motion
of the charged particles in a conducting medium.
In the presence of an applied magnetic field these
charges are deflected and a transverse current
is set up, which generates an electromagnetic
field propagating in a metal at the velocity of the

sound wave. The induced fields modify slightly
the velocity' of the sound wave as well as the at-
tenuation. Both effects are proportional to the
square of the applied magnetic field and have
been observed in aluminum.

On the basis of this mechanism, we have calcu-
lated the acoustic attenuation coefficient for the
absorption of energy by the nuclear spin system.
The attenuation coefficient, n„ is defined as &P,/
I p where I, is the incident acoustic power per
unit area and is equal to &pe, 'e', where p is the
density of the metal, v, the velocity of the sound
wave appropriate to shear or longitudinal wave
propagation, and ~ the peak value of the strain. '
P is the power per unit volume absorbed by the
nuclear spin system and is given by

Ã(h v)2
B (21~ 1)PTZ ill/27'P

where N is the number of nuclear spins per unit
volume, v is the frequency of the sound wave,
and 8', , the transition probability per unit time
from the spin state m to the state m'. For mag-
netic dipole coupling, 8'm~, is well known9 and is
proportional to the square of the oscillating mag-
netic field component perpendicula, r to the apped
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magnetic field. In the present case, this oscil-
lating field is that which is induced by the sound
wave. Equation (1) ignores the effect of eddy cur-
rents; this may be important in a metal.

We have calculated the magnitude of the induced
rf magnetic field B, on the basis of the model
given by Rodriguez' 'x for the modification of the
velocity of sound in metals by an applied magnet-
ic field. Rodriguez calculates the relation be-
tween the self-consistent electric field and the
displacement field $(r, f)." Through the Maxwell
equations, we obtain the induced magnetic field.
In general, the phase between the velocity of the
particle motion and the electric field is given by
an angle whose tangent t) is equal to c'q'/4m~o'„
where c is the speed of light, q the magnitude of
the sound wave vector, and o0 the dc conductivity.
If P is equal to zero, we can calculate the power
absorbed by the spin system by using Eq. (1).
The absorbed power will be proportional to the

imaginary component y" of the complex suscepti-
bility y. If P differs from zero, the component
of the electric field which is not in phase with
the particle velocity will give rise to an absorp-
tion of energy proportional to the real component
X' of the susceptibility. In the present calcula-
tion we have assumed that P is zero.

We have chosen a Cartesian coordinate system
such that the sound wave vector points in the z
direction and the applied magnetic field B,= (0,
B, is&n,B,cos 8) lies in the y-z plane and forms
an angle 0 with q. We have also assumed that the
conditions mr «1, (+,7)' «1, and ql «1 are val-
id, where ~, is the cyclotron frequency, 7. the re-
laxation time, and l the electron mean free path.
For pure metals at room temperature or liquid-
nitrogen temperature, with frequencies below
1000 MHz and with fields under 20 kG, these con-
ditions are well satisfied. The amplitude of the
component of 8 in a plane perpendicular to B, is
then given by

Bi= eBof(8),

(4)
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From Eqs. (1) and (2), we obtain

rr'h'NF (I)g ( v) v4

( (3)4k Tpv~3

where g(v) is tke normalized line-shape factor
and F(I) is a spin factor given by

1 —
2

I
F(f)= 2t'(I+1)- Q m(m-1) .2I+ 1—

For the case of a 20-MHz transverse wave, prop-
agating at room temperature along the [001] di-
rection in aluminum, we calculate a~ =1.7&&10 '
cm, if a Gaussian line shape is assumed.

The measurements have been done with a mar-
ginal-oscillator ultrasonic spectrometer" which
gives the derivative of the attenuation coefficient.
The experiments have been performed at 77'K
and at room temperature. In the best conditions
(20 MHz, shear wave) the signal-to-noise ratio
was greater than 20, if we used a time constant
of 10 sec and a modulation field of 4 G peak-to-
peak. The value of the resonance field for the
4m= 1 transition is in agreement with the known
value. In order to verify the proposed interac-
tion mechanism, we have studied the angular de-
pendence of the absorption coefficient. Figures
1 and 2 show the measured angular dependence
of the area under the absorption curve. This
area should be proportional to [f(0)j'. Within ex-
perimental error, these points fitted the predict-
ed dependences for longitudinal and transverse
waves. We have also compared the measured
room-temperature values of n at 20 and 10 MHz.
The measured ratio of these values is 33:1. The
ratio predicted by Eq. (3) is 16:1, while that for
the interaction between the nuclear electric quad-
rupole moment and the acoustically induced elec-

where f(6) is an angular factor depending on the
po]arization of the sound wave. The value of f(&)
is given in Table I.
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Table I. Angular dependence of the component of B
perpendicular to Bo. -I5 0 I5 30 45 60 75 90 I 05
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FIG. &. Area under absorption curve, » as a func-
tion of angle bet&veen Qo and q. The 20-MHz sound
wave propagates along the [001] axis of the aluminum
crystal and Bo is always in the (100) plane. The one
nonzero value at 90' is probably due to a misorienta, -
tion of the sample.
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FIG. 2. Area under the absorption curve, n~, as a
function of angle between 80 and q. The 20-MHz sound
wave propagates along the I001] axis of the aluminum
crystal and Bo is always in the (100) plane. Experi-
ments done at room temperature had a larger experi-
mental error but were in agreement with these results.

tric field gradient is 4:1.' Our absolute measure-
ments of ~ require knowledge of the background
attenuation, as well as other parameters. Since
these are not accurately known in this experi-
ment, we feel that ratios of 33:1and 16:1are
compatible within experimental error. The mea-
sured value of n for 20-MHz transverse waves
at room temperature is approximately three
times the calculated value. We are planning
more accurate measurements. We have searched
very carefully, but have been unable to detect the
4m = 2 transition resonance signal which would
be expected if the coupling mechanism were the
quadrupole interaction. This places an upper
limit of 5&&10 ' cm ' on the value of the absorp-
tion coefficient due to the quadrupole interaction.
Furthermore, the angular dependence of n, for
z-y shear waves in (sin'8-cos'8)' for the Am = 1
quadrupole transition. This is not consistent with
our results. We feel that these experiments con-
firm the coupling via the magnetic dipole moment.

The observed line shapes at 77 and 300'K are
not the same. At 77'K, the resonance signal is
symmetric. The absorption line shape changes
with the orientation of the applied magnetic field.
The linewidth is greater when B, is along the
[011]axis than when Bo is along the [001j axis.
The variations in shape and width are the same
as that observed by conventional nuclear magnet-
ic resonance (NMR) in the skin depth of a single
crystal after correction for the distortion due to
eddy currents. ' At room temperature, the reso-
nance signal is asymmetric. The high-field side
of the derivative of the absorption curve is higher
and broader than the low-field side. The line-
width varies in the same manner as at 77'K. At
room temperature the derivative of the absorp-

tion curve is similar to that observed in conven-
tional NMR in metals before correcting for the
distortion due to eddy currents. This line shape
suggests that there is a term in the power ab-
sorption which is proportional to the real part of
the susceptibility. At room temperature, the es-
timated value of P is 0.25 and we cannot neglect
the component of the electric field that is out of
phase with the particle velocity. As discussed
earlier, this introduces a X' term into the power
absorption. At 77'K, P is approximately ten
times smaller. The y' term is then negligible
and a symmetric line shape is expected.

This new interaction mechanism opens the pos-
sibility of studying single crystals of metals with
nuclear spins of 2 of with very weak quadrupole
moments; investigations are currently in prog-
ress. We are also continuing to investigate the
details of the interaction in aluminum, including
the effect of a nonzero value of P and that of low
temperature where one can no longer assume a
very short relaxation time. "
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