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There is relatively little detail, ed information,
apart from magnetoresistance data, ' concerning
the band structure of the cubic transition metals.
In this paper we report the observation, for the
first time, of the magnetoacoustic effect in such
a metal, viz. , tungsten.

The single crystal of tungsten used in the present
investigation was grown by one of us using electron
bombardment techniques. An acoustic specimen,
one inch in length and 0.2 inch in diameter and

having its axis approximately along [001], was
cut from the resulting ingot. The residual resist-
ance ratio p,o,/p4, was approximately 9000. Mag-
netoacoustic measurements were made by the usu-
al pulse technique at 274 Mc/sec using longitudinal
waves. Automatic recording of the data as a func-
tion of 1/H was accomplished by suitable circuitry.

A typical recorder trace for q- [001],H-[110] is
shown in Fig. 1. As shown by the full and broken
arrows, there are two distinct, sets of oscillations
which are periodic in 1/H. The momenta corre-
sponding to these oscillations were computed from
the formula

Sk=-
2c a(1/H) '

where A. , the sound wavelength, was calculated
from the data of Bolef' extrapolated to O'K and
b, (1/H) is the appropriate period in 1/H. The re-
sulting wave vectors are

ky 4 7 && 10' cm ', k, = 1.7 x 10' cm

Lacking a definite model for the band structure
of a transition metal, it is difficult to compare
these values with theory. The work of Fawcett'
seems to indicate that metals such as tungsten
and molybdenum, of even atomic number, may
have an even number of valence electrons and that
the mobilities of the carriers in the s and d bands
are approximately equal. It is therefore tempting
to apply the free-electron model' to predict the
Fermi surface of tungsten, assuming that all six
electrons outside a closed subshell can be treated
as equivalent charge carriers. The resulting Fer-
mi surface is one in which the first zone is com-
pletely full, the second zone a small dodecahedron
with concave faces, and the third and fourth zones
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FIG. 1. Oscillatory attenuation of longitudinal 274-
Mc/sec sound wave in tungsten as a function of 1/H.
The propagation direction is approximately [001j, while
8 is approximately along [110].

FIG. 2. Cross section of second zone Fermi surface
for a bcc metal with six electrons per atom, according
to the free-electron model. The section is taken per-
pendicular to [001].
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the usual pathological "monsters" associated with

the free-electron model. A cross section of the
second zone surface, taken perpendicular to [001],
is shown ill Fig. 2.

According to the theory of the magnetoaeoustie
effect, ' the oscillations for a propagation direction

q and field direction H measure the extremal di-
mensions in the direction q x H of the cross sec-
tions of the Fermi surface perpendicular to H.
For the configuration corresponding to Fig. 1, one
wouLd thus expect an extremal momentum in the
second zone corresponding to the indicated dimen-
sion. This has the value

=5.5~10' em ',
theory

which must be considered to be quite reasonable
agreement with the larger of the two experimental
values. Presumably the smaller dimension corre-
sponds to an extremal dimension for one of the
higher zone surfaces. It thus appears that the free-
electron model might have even greater application
than previously envisioned.
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One method of studying the interaction of spins
and phonons is to investigate the lattice thermal
conductivity of crystals containing paramagnetic
ions. If a paramagnetic ion has a low-lying ex-
cited level at an energy kT' above the ground
state, then one might expect that, at temperatures
of the order of T', the phonons will induce transi-
tions to the higher state and will themselves be
scattered. This will give rise to an extra thermal
resistivity. Some experiments have already been
reported'~' in which this effect was thought to have
been observed. These showed that the low-temper-
ature heat conductivity of mixed crystals of ZnSO,
and FeSO4 was much smaller than that of pure
ZnSO, . The decrease was much more than could
be ascribed to ordinary impurity scattering. Nev-
ertheless, these experiments were unsatisfactory
in that the energy levels of the paramagnetic ion
were determined by the internal field of the crys-
tal and could not be changed to any appreciable
extent by the application of an external magnetic
field.

In the present experiments the heat conductivity
of holmium ethyl sulfate has been measured and
for this material the application of a magnetic field
parallel to the hexagonal axis of the crystal has a
marked effect on the thermal conductivity. Due to
the magnetic anisotropy of the crystal there is
hardly any effect when the fieLd is perpendicular

to the hexagonal axis.
Figure 1 shows the field dependence of the rela-

tive change in the thermal resistance b, W jWo,
where 8', is the thermal resistance in zero field,
at a series of temperatures in the liquid helium
region. At the lower temperatures b,W/W, has a
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FIG. 1. The relative change in the thermal resistance,
&8'/8'0, of holmium ethyl sulfate, as a function of the
magnetic field, H, parallel to the hexagonal axis of the
crystal.
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