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Antiresonances (sharp attenuation minima) have been observed in copper for shear
acoustic waves propagating along [111]and for magnetic fields along f1121 satisfying the
resonance condition for open orbits along [110]. The antiresonances give way to conven-
tional resonances when the polarization vector e deviates from I.112J by more than about
30 . We believe that the antiresonances are due to the so-called field force on the con-
duction electrons, whereas the resonances are due to the deformation force.

We report the experimental observation of mag-
netoacoustic open-orbit resonances (sharp at-
tenuation minima) for shear waves in copper.
This novel effect appears to be a manifestation
of the so-called field force (due to the sound
wave) on the conduction electrons, which is unu-
sual in copper because the effective forces due
to Fermi surface deformation have hitherto been
assumed to be dominant.

Shear waves of frequency 168 MHz were pro-
pagated along the [111]axis of a single crystal
of high purity copper (resistivity ratio about
20000). For this geometry the two normal modes
of sound propagation are degenerate, so that the
polarization vector e can have any orientation in
the [111]plane. Experimental difficulties due to
internal conical refraction, in which the acoustic
energy flux has a component normal to the pro-
pagation vector q, were avoided by using a thin
sample (1.4 mm). Under these conditions, the
round-trip transit time for acoustic pulses is
about 1.3 psec, which is comparable to the pulse
width (about 1.5 psec), so that a certain amount
of pulse overlap is unavoidable. However, we are
inclined to rule out pulse interference effects as
a possible complicating factor on the grounds that
the estimated round-trip attenuation is so high
(about 25 dB in zero magnetic field) that the first
acoustic echo is negligible by comparison with
the transmitted pulse. The latter was delayed
several microseconds by passing it through a
quartz rod, thus eliminating interference between
it and the zero-delay e1.ectromagnetic leakage
pulse.

If a magnetic field H is rotated in the (111)
plane, open orbits are possible when H lies along
[112] or equivalent directions. In k space the
open orbit runs along [110] and in real space it
has a component along q. This geometry is de-
picted in Fig. 1. Open-orbit resonances can oc-

cur whenever the spatial matching condition

q (v) =n~,

is satisfied, where (v) and ~, are the mean ve-
locity and cyclotron frequency, respectively, of
the open-orbit electrons, and n is an integer. In
the present case (1) reduces to

H „=Rch, /en'. ,

where e/c is the electronic charge, A. is the sound
wavelength, and ho is the open-orbit repeat dis-
tance, given by 4v 2 n/a, with a the lattice con-
stant.

The experimentally observed shear-wave at-
tenuation versus magnetic field is illustrated in
Fig. 2. The parameter 6 which distinguishes the
five tracings is the angle between the polarization
vector e and the magnetic field H and is estimat-
ed to be accurate to within about 2'. For 0=0
strong antiresonances in the attenuation are seen

(b)

FIG. 1. (a) (111)projection of copper Fermi surface
showing principal open orbit. (b) (112) projection of
open orbit in k space, drawn to same scale.
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FIG. 2. Open-orbit resonances and antiresonanees
for 168-MHz shear waves propagating along flllj in
copper. The angle 8 is the angle between the shear-
wave polarization and the [112jdirection.

for all n up to about 17 except n = 1 (not shown)
and n = 3, which give positive resonances. The
antiresonances persist until 6 reaches about 30',
at which point they rather abruptly give may to
positive resonances. We have selected two trac-
ings in this neighborhood in order to illustrate
the resonance line shape in the transition region.
For larger values of 8 the resonances are all
positive, the even harmonics being the strong-
est. The n = I resonance mould have oeeurred at
H = 24.5 ko~ which mas unattainable with our
equipment; nevertheless we were able to obtain
a good estimate of what the n = I resonance mouM

have been like by repeating some of the rneasure-
ments at 75 MHz, for which the n = I resonance
occurs at a lower field. These data are not re-
produced here because of the lack of detailed
structure; homever, me are able to report that
the n = I resonance was positive for all angles 6,
being largest for 6=0 and quite small for 6=90'.
Thi.s behavior is similar to that shomn by the
n =3 resonance in Fig. 2. At sufficiently low
fields the odd harmonics died out for all values
of 8 and the even harmonics merged impercepti-
bly into the magnetoacoustic oseillations which
mould be expected from the calipering of the
Fermi-surface belly, which has a dimension very
close to one half of the open-orbit period.

Before discussing the possible mechanism of
the antiresonanees, me first point out that there
seems to be no doubt that the observations are

connected with the open orbits shown in Fig. I.
Both resonances and antiresonanees occurred
when the magnetic field H mas located within
about 1—,

"of the [112] or equivalent directions;
outside this range they mere unobservable. The
field values at which both resonances and anti-
resonances occurred satisfied (2) to within ex-
perimental error. No resonances or antireso-
nances were associated with the secondary open
orbit which occurs when H Ii[110], probably on
account of the very small width in k space of this
orbit.

The interaction between acoustic waves and the
conduction electrons in a metal has been con-
sidered in detail by Pippard. ' In this analysis
the effective force on the electron is broken down
into tmo principal parts; the deformation force
(associated with the deformation of the Fermi
surface in the strain field due to the sound wave)
and the field force (associated with the real elec-
tric, fields which must be set up in order to es-
tablish the conditions of charge and current neu-

tralityy

111 tile llletal), In this papel' general ex-
pressions were written down for the attenuation
in a magnetic field, taking into account these tmo
forces, but the open-orbit contribution mas not
considered explicitly, The characteristic reso-
nance effect due to open-orbit electrons was pre-
dicted by Kaner, Pesehanskii, and Privoroskii,
and the condition (1) is due to them. These au-
thors recognized the existence of the field force
but neglected it at an early stage in their cal-
culation. The positive resonances which they
predicted are thus associated primarily with the
deformation force, and such resonances have
been observed in copper by several workers. "
More recently, Sieverte calculated the attenuation
for a Fermi-surface model consisting of a set
of overlapping cylinders, mhieh permits open
orbits if a small perturbing potential is assumed.
The main purpose of this mork mas to investigate
the effect of magnetic breakdown on the attenua-
tion; however, the model did predict antireso-
nances for shear waves. It appears to us to be
significant that Sievert's model was free-elec-
tron-like in that no deformation mas assumed,
i.e., the equilibrium form of the cylindrical
Fermi surface under shear mas taken to be the
same as in the unstrained metal. The physical
interpretation of the antir esonance is as follows:
Since the electron current must be the same as
the current in the lattice of positive ions, the
electric field needed to maintain this current is
inversely proportional to the conductivity. How-
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ever, the magnetoconductivity undergoes a reso-
nance when the condition (1) is satisfied: Hence
the attenuation, which is roughly proportional to
the electric field, shows an antiresonance.

We conclude from the foregoing that in a real
metal the shear-wave attenuation would be ex-
pected to show resonances or antiresonances
depending on which of the two types of force is
predominant. If our interpretation is correct,
the data shown in Fig. 2 can thus be thought of
as a particularly direct demonstration of the ex-
istence of the two types of effective force in cop-
per, a unique feature being that the relative con-
tribution from the two forces can be varied at
will simply by rotating the shear-wave polariza-
tion vector in the (111)plane. As far as we know,
this is the first direct demonstration of the exist-
ence of the two types of force in a nonsupercon-
ductor. '

Lastly, we mention some incomplete aspects of
our work. One would of course like to be able to
account in detail for the rich harmonic structure
illustrated in Fig. 2 by reference to the specifics
of the copper Fermi surface. At the present
time, however, a proper theory of the resonance/
antiresonance in the presence of both types of
force is lacking. In this context it should be not-
ed that Gavenda and Cox' have examined open
orbits in copper with q Ii[110]. Several reso-
nances were reported, but no antiresonances,
and the authors interpreted their data in terms of
the Fourier components of the electron velocity
resolved along Y. Inasmuch as the quantity which
enters the theoretical expression for the reso-
nance amplitude is the product of the force and
the velocity, this is tantamount to the assump-
tion of a constant force. Taking both sets of
data into consideration, it would seem possible
to assert that in copper the deformation force

usually predominates, but over the restricted
domain shown in Fig. 2 it is weak enough to al-
low the fieM force to make its presence felt. In
any realistic interpretation of the data, there-
fore, variations in the deformation force over
the Fermi surface must be taken into considera-
tion. This may not prove to be as difficult as it
seems because, even though the absolute magni-
tude of the deformation force is difficult to esti-
mate, its changes in sign are governed by power-
ful symmetry constraints. A more complete
analysis along these lines will be presented at
a later date.

The copper sample used in this work was grown
at the National Bureau of Standards, Boulder,
Colorado, under the direction of Dr. A. F. Clark.
W'e are also grateful to Dr. G. N. Kamm of the
U. S. Naval Research Laboratory, Washington,
D. C. who prepared and loaned it to us.
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