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optically flat, a more reasonable dependence
of the absorption intensity on 8 was observed,
as compared to the almost complete isotropy
previously observed. If the transducer elec-
trode was not flat, this would be expected to
contribute to acoustic-mode conversion. Fur-
ther evidence is the fact that the observed an-
gular dependence of the absorption intensity
for both longitudinal- and transverse-wave
excitation can be understood if one assumes
a mixture of modes present. One way to dimin-
ish the mode mixing is to use larger diameter
samples and operate at higher acoustic frequen-
cies. In experiments done on I'" in KI by us
and others, "using more favorable sample ge-
ometry, the deviation from the expected angu-
lar dependence can be explained in terms of
an anisotropic g(v). Experiments using larger
diameter tantalum samples, as well as experi-
ments on other metals, temperature dependence
of the resonance, effects of sample purity,
etc. , are in progress. A more detailed experi-
mental and theoretical description of this work
will be published later.
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Since the original suggestion of Konstantinov
a,nd Perel and Aigrain' that certain low-fre-
quency electromagnetic (helicon) waves can
be propagated with little attenuation in noncom-
pensated solid-state plasmas, and of Buchs-
baum and Gait~ that magnetohydrodynamic waves
can propagate in compensated solids, there has
been great activity in this area by both exper-
imentalists and theorists. ~ The work to date
has dealt with materials under conditions such
that only closed cyclotron orbits were present.
There is then a close analogy between the char-
acteristics of helicon and Alfvdn waves in solids,
and the corresponding waves in gaseous plas-

mas. In this Letter we discuss a phenomenon
which is peculiar to solids, namely, the effect
of open orbits on helicon and Alfvdn-wave prop-
agation. We will show that the presence of a
single band of open orbits causes strong damp-
ing of the helicon wave in an uncompensated
material and, in extreme circumstances, can
convert the helicon wave into a damped Alfvdn
wave. This effect has been seen by Grimes. '
The additional damping is easily observable
since it is a strong function of magnetic-field
orientation. It falls rapidly to zero as the field
is turned away from directions which give rise
to open orbits. In uncompensated metals, the
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study of this effect may provide information
about Fermi-surface topology similar to that
obtainable from magnetoresistance measure-
ments.

In compensated materials, we will show that
one of the Alfvdn waves is strongly affected
by carriers in open orbits, while the other re-
mains unperturbed.

The properties of helicon and Alfvdn waves
in solids are closely related to those of the
galvanomagnetic coefficients (the Hall coeffi-
cient and magnetoresistance) at high magnetic
field. This connection is a useful one since
the effect of open orbits on the Hall and mag-
netoresistance coefficients is well understood
as a result of the work of I.ifshitz, Azbel, and
Kaganov. ' They show that in an uncompensated
metal with no open orbits, the transverse mag-
netoresistance saturates with increasing mag-
netic field and the Hall coefficient, R, depends
only on the net charge density, irrespective
of the details of the band structure. Currents
in such a material flow nearly perpendicular
to the electric field when the applied magnetic
field is large. As a result, the medium will
support a relatively lossless, low-frequency
electromagnetic wave —which is the helicon
wave. Its dispersion relation (ignoring losses)
is

&u 4vw (R)
u'=

I —,I(c' j su~ cos8 c' (8j cos8'
c

where k is the wave vector of the helicon, ~
is its frequency, xc is the cyclotron frequency,
m~ = (4wNe'/m)'" the plasma frequency, and
8 is the angle between k and the static ma.gnetic
field, B. The imaginary part of k is determined
by the small component of the current flowing
parallel to the electric field and is of order
(&u 7) —where v. is the collision time —com-

C
pared to the real part in the high-field limit.

Now let us imagine that a single band of open
orbits exists at right angles to B, in real space,
say along the x axis, with B along the z axis
of a Cartesian coordinate system. Then, in
an uncompensated solid, the Hall coefficient
is no longer a good measure of the charge,
and the magnetoresistance contains a term
whose coefficient is proportional to the num-
ber of carriers in open orbits and which is a
quadratic function of B (provided the conduc-
tion current has a component along the y axis). '
This term causes current flow in the direction

in which E is the electric field of the wave and
c the dielectric tensor. For simplicity, we

a.ssume that u is sufficiently sma, ll, that (dT

«1 and kvFT «1, where vF is a typical Fermi
velocity. The latter requirement insures the
locality of the relation between current and
field and, in meta, ls, can be satisfied over a
considerable range of experimentally interest-
ing conditions. With these assumptions e takes
the form

-E& E~ 0

where

0 E ~i+6p

Z(d T

+
lattice (u [1+((u 7 )'] '

c

2 CO (d T

x ~[1+((u v)2]'
c

e = l(d T/(d . (4)

of the electric field of the helicon wave and
thereby increases its damping. In the extreme
high-field limit, the carriers in open orbits
dominate the dispersion relation and change
the cha, racter of the electromagnetic wave from
that of a helicon to a damped Alfven wave.

To make these ideas more concrete, we as-
sume that the open orbits are due to a cylindri-
cal piece of Fermi surface oriented along the

y axis in momentum space, containing n elec-
trons/cc. We also assume a, spherical piece
which contains Ne electrons/cc. This model
is a rather schematic one in that it assumes
a very simple-shape Fermi surfa. ce and an
isotropic relaxation time. We believe, how-
ever, that it contains the essential physics of
the problem and that our results are qualita, -
tively correct (particularly as regards mag-
netic-field dependence) for real metals. To
discuss the details of wave propagation in this
medium, it is necessary to solve the disper-
sion relation obtained by setting equal to zero
the determinant of the coefficients of the wave
equation

kx(kxE)+(~'/c')e E =O,
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w~=(4l/Nee /m*)'/ is the plasma, frequency
of electrons in the spherical portion of the
Fermi surface, and &u~p = (4l/nee'/m p*)'/ that
of the electrons in the cylinder. e, is the con-
tribution of these open-orbit electrons to the
dielectric tensor. Throughout Eqs. (4) we have
neglected ~ compared to 1/~, since the local-
ity condition is usually violated (in the eo term)
before the equality ~ =1/r is reached.

In an uncompensated material in high fields
(~ci »1), we have I e~ I » I ez I. If there are
no open orbits present (e, = P), the off-diagonal
element, e~, is dominant, and the dispersion
relation for the propagating helicon wave is
that given by Eq. (1). The presence of open
orbits changes matters considerably. We first
note that Ie, I

& Is~1 if f -=(ne/Ne) & [mp*/
m*(~cr)']. Thus, in pure materials in high

fields, a relatively small number of open or-
bits is sufficient to make itself felt. To see
what the effect of co is, we first consider the
case of propagation along the static magnetic
field (k =kz). Inserting Eqs. (4) into the dis-
persion relation, we find

~2/2
(e + le )p(le 2 e 2)1/2

J 2
Q

~
Q

(5)

Two interesting cases now arise. The first,
and most easily attained experimentally, is
that in which e&& eQ & e~. Under these circum-
stances, Eq. (5) takes the approximate form

c2k2/~2 y( e 2)l/2 + (e + lg )x 2 0

The solution with positive sign represents a
propagating wave which is damped by the imag-
inary term (e~+e,/2). Since e, &@~, it is clear
that a relatively small number of electrons
in open orbits can markedly change the absorp-
tion of the helicon wave. Moreover, it is easy
to show that the quantity eo falls quite ra,pidly
to a. small value (of order fez) as the magnetic
field is turned away from the open-orbit direc-
tion. It follows from these results that the
helicon-wave absorption should be a rapidly
varying function of magnetic-field direction
in an uncompensated solid containing open or-
bits. It has sharp maxima, for field directions
which give rise to the open orbits.

The more interesting limit of Eq. (5) is that
in which ep» e~, or f» [m p*/m *mew]. It can
be reached' experimentally with large fields
in pure materials. In this limit the dispersion

relation has the approximate solutions.

c2k'/(u2 = e a.nd e '/e .
0 x 0

Both solutions represent heavily damped waves
(Imk =Rek). The second of these waves is the
easier one to observe and is, therefore, of
particular interest. Its index varies linearly
with 8, and it is linearly polarized. These
properties are more nearly those of an Alfvdn

wave than a helicon. Thus, under extreme
conditions, the open-orbit electrons complete-
ly change the character of the electromagnetic
modes in the plasma.

One might hope to make e, real, and there-
by convert this wave into a propagating (rather
than damped) Alfvdn wave by working at fre-
quencies &u» (1/7). However, under practical
experimental conditions, this is not possible
because the locality condition is viola. ted in

the e, part of the dielectric tensor when w»1/
A more complete calculation shows that

in the nonlocal case eo remains imaginary,
even when &u»1/w, so the damping of the wave

persists.
The calculations outlined above apply to the

case k I~ B. Results for helicon propagation
in other directions are similar. In particular,
the conclusion that helicon damping is enhanced
when open orbits are present remains true for
arbitrary propagation directions.

Now we consider the effects of open orbits
in compensated materials. The electromag-
netic modes of a compensated plasma are the
fast and slow Alfvdn waves which, in contrast
to the helicon wave, propagate with low loss
only if ~ » (1/~).2 Unfortunately, for frequen-
cies in this range and for metallic electron
densities, the relationship between the current
and the electric field is usually nonlocal. On

the other hand, for w «1/~, the relation is
local and the modes are damped Alfvdn waves
(Imk =Rek). Such waves have been observed
experimentally' &' and may turn out to be of
considerable interest in compensated metals.
To see how these waves are affected by car-
riers in open orbits, we again consider the
simple case of propagation along the magnetic
field. Equation (5) still determines the wave

vector, but now, because of the presence of
holes, the coefficients e~ and e~ must be suit-
ably redefined. As a result of the near com-
pensation, the coefficient e~ is small (e~/ep- I/~ ~), and the solutions of Eq. (5) are ap-
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pr oximately
c'k'/(u'=(e, +e~) and e~, (8)

where e~=ic'/~TVA' and VA is the AUvdn

speed. '~ The first wave, which is linearly
polarized in the x direction, is strongly affect-
ed by the carriers in open orbits. They domi-
nate its behavior when f (ecT)') 1. In this limit,
the refractive index of the wave is independent
of magnetic field and varies as cv

'" with fre-
quency. This behavior is the same as that of
the zero-field classical skin effect. The sec-
ond wave, which is polarized in the y direction,
is unaffected by the open orbits and retains its
damped Alfvdn-wave character. These results
have been derived for the special case of prop-
agation parallel to the field, but more detailed
calculations show that the behavior is similar
for arbitrary propagation directions.

We wish to thank E. I. Blount and C. C. Grimes
for a number of discussions.
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We report the first observations of the effects
of open orbits on helicon-wave propagation in
metals. Buchsbaum and Wolff' have shown the-
oretically that open orbits in an uncompensa-
ted medium lead to damping of a helicon wave
and, in a limiting case, completely change the
character of the medium and allow it to support
a damped Alfven wave. We have observed such
effects in helicon propagation in a single crys-
tal of silver. A second consequence of open
orbits, which we have studied in crystals of
Sn and Pb, arises from the existence of singu-
lar magnetic-field directions along which heli-
con waves can propagate with little damping
in an otherwise compensated medium. This
observation greatly extends the range of ma-
terials in which helicon-wave propagation can
be studied.

The experimental technique which we have
employed to transmit helicon waves through
the thin, disk-shaped specimen is similar to
that of Grimes and Buchsbaum. 2 In this tech-
nique, the helicon wave is excited by driving
an audiofrequency current through a transmit-
ter coil placed near one face of the specimen.

The transmitted energy is picked up by a sec-
ond coil near the opposite face of the specimen
and fed to a phase-sensitive detector which de-
rives its phase reference from the transmit-
ter. The detected signal is displayed, versus
either the magnitude or the direction of the ap-
plied magnetic field, while the frequency is
held constant.

In an uncompensated medium (a medium hav-
ing unequal densities of electrons and holes)
with only closed orbits, helicon waves propa-
gate according to the simple dispersion rela-
tion'~'

~ '(u(1+i/(u r)

c ~ cosec

provided w«v, u T»1, and kvF7. «1. Herec~ c
k is the wave vector; ~ is the angular frequen-
cy of the helicon wave; &up'=4wNe'/m is the
plasma frequency; ~c =eH/mc is the cyclotron
frequency; 7 is the electron relaxation time;
9 is the angle between k and the magnetic field,
H. With H directed approximately parallel to
k, and in the absence of open orbits, helicon
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