PRESSURE AND PIEZORESISTANCE OF SEMICONDUCTORS

These values suggest that the concentration of scatter-
ing centers does not decrease with decreasing electron
concentration. This result is at least partly due to the
fact, stated by Sagar,? that the materials also contain
an appreciable concentration of acceptor centers.
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The magnetic field dependence of the ultrasonic attenuation has been measured in very pure tin single
crystals. Oscillations were found that can be explained as a result of resonant conditions between the electron
orbit diameter and the periodic field set up by the sound wave. These oscillations yield information about
the Fermi-momentum, and the general features of a possible electron distribution in tin are suggested.

EASUREMENTS of the ultrasonic attenuation
as function of magnetic field in metal single
crystals where the electron mean free path (J) is com-
parable to the acoustical wavelength (M), suggest that
this method is a rather successful one to investigate
gross properties of the Fermi-surface.'? Here are re-
ported some measurements made in very pure tin single
crystals. Since tin has a tetragonal crystal structure,
four sets of experiments were done. Longitudinal waves
were propagated along the tetragonal axis, the [100]
axis, and the [110] axis as well as along an arbitrary
angle in the plane perpendicular to the tetragonal axis.
The magnetic field was always in the plane normal to
the direction of propagation, and the field dependence
of the attenuation was measured for different directions
of the field.

The field dependence of the attenuation was found to
be very anisotropic. In most of the cases oscillations
were found that can be explained as a result of resonant
conditions between the electron orbit diameter (27) and
the periodic fields set up by the sound wave. The oscilla-
tions were most pronounced when the propagation vector
was along the [100] axis and the field along the tetrago-
nal axis. Figure 1 shows this case for the frequency 45.5
Mc/sec. The data are plotted on a reciprocal scale since
the oscillations should be periodic in H~L. Besides the
main period two more are likely to be present, one of
which is causing the interference with the second maxi-
mum of the main period. By observing the movements
of the peaks when the field is rotated, the variation of

* Supported in part by the U. S. Air Force Office of Scientific
Research.
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the average momenta as function of field direction can
be traced. Due to the obviously complex electron dis-
tribution in tin, the relationship between the momenta
deduced this way and the actual Fermi-surface is not
likely to be a simple one. However, Kjeldaas and Hol-
stein,® assuming a spherical Fermi-surface, find the
period to depend upon the extremal orbit momentum
only. If this also holds ture, at least to a first approxi-
mation, for more complicated surfaces, the momentum
determining the oscillations will be a Fermi-momentum
perpendicular to both the magnetic field and direction
of propagation. The momentum (%;) given by the main
period in Fig. 1 will according to this be along the [010]
axis, and, estimated from the relation 2r/A=2%k,/eHM,
it will be equal to 0.47XX 108 cm~. However, any lattice
vector of the reciprocal lattice space can be added to it.
When the field is rotated away from the tetragonal axis

ATTENUATION VS HAX;

10, db/cm 1
v =455 Mc/sec; Longitudinal wave along [100].- d
8 H along [001)

HA  Gauss-cm
04 06 08 2

4 10

F16. 1. Attenuation vs magnetic field times wavelength plotted
on a reciprocal scale for a longitudinal wave with the propagation
vector along the [100] axis and the field along the tetragonal axis.

3 T. Kjeldaas and T. Holstein, Phys. Rev. Letters 2, 340 (1959).
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Fic. 2. Cut through the {1007 axis and [0017 axis in k space
showing the intersecting planes of energy discontinuities. @ de-
notes a lattice point in the reciprocal lattice space. The distance
between lattice points in the [100] direction is 1.08X10% cm™.
Observed momenta k; have been plotted close to a sphere con-
taining four electrons per atom.

within +35° the picture remains approximately the
same as in Fig. 1 although the main period shifts toward
greater values of k1. A similar period can also be ob-
served when the field is within 420° of the [010] axis.
No simple period has been observed when the field has
a direction between these two limits.

Several different zone structures have been proposed
in the literature?® none of which seem to fit experimental
data. Among the planes with small indices only the
following groups have a structure factor that does not
vanish: {101}, {112}, {200}, {220}, and {211}. Here
{mimans} means the group where the third place is
either #3 or —#; only. These planes should therefore
represent planes of energy discontinuities in k space.
Figure 2 shows a cut through the [100] axis and [001]
axis and most of the above-mentioned planes. The first
zone bounded by planes of energy discontinuities con-
tains 1.81 electrons per atom. The second zone, defined
by the volumes having one plane in common with the
first zone, can be shown to contain 1.41 electrons
per atom. The surface of a sphere containing the four
electrons of tin will have a radius of 1.64X108 cm™!
as shown by the circle in Fig. 2. From this sphere it is
reasonable to plot the two branches of the main mo-
mentum as indicated in Fig. 2, and it is known from the
structure factors for the {101} planes and {200} planes
that the energy discontinuities across the latter group
should be greater. It is therefore reasonable to suggest
an electron distribution in tin having the following

* N. F. Mott and H. Jones, Tke Theory of the Properties of Metals
(md Alloys (Oxford University Press, New York, 1936).
5 R. G. Chambers, Can. J. Phys. 34 1395 (1956) It should be
noted that the zone proposed by Chambers contains one rather
than two electrons per atom.
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general features: A completely filled first zone, a filled
second zone except for the outer parts of the volumes
marked 2b in Fig. 2, and some overlap into higher
zones mainly in the volumes marked a and b. If the
Fermi-surface in volume 2b can be approximated as a
plane perpendicular to the [1007] axis near the . plot,
this volume will contain close to one electron per atom.
This together with the first zone and volume 2a leaves
an overlap into higher zones of 0.8 electrons per atom.

Such an electron distribution will be in general agree-
ment with several other experimental investigations.
The direction of motion of the electrons are concentrated
around the tetragonal axis and the plane perpendicular
to it as Pippard® suggested from his measurements of
the anomalous skin effect. Similar measurements’® give
a number of free electrons per atom close to one. In
agreement with this the free electrons in this model will
consist of the overlap into higher zones and part of the
electrons in volume 2b.

Furthermore, from the ultrasonic measurements made
on the superconducting energy gap made by Morse,
Gavenda, and the author? the total electronic attenua-
tion (e) for zero field can be found and can be expressed
as a=Aw when the electron mean free path is greater
than the wavelength. Here w is the angular frequency
and 4 is a constant proportional to the number of free
electrons and their effective mass. This experiment se-
lects mainly the electrons on a ring through the origin
perpendicular to the direction of propagation, and the
observed ratio Aio/A110=3 where the indices denote

_propagation along [100] and [1107, respectively. This

result is in agreement with the proposed model of the
Fermi-surface on the assumption that the anisotropy is
mainly in the number of free electrons, because in the
latter case there will be no surfaces corresponding to the
surface in volume 2b.

Like the oscillations in the attenuation also the at-
tenuation at high fields (6500 gauss) is highly anisotropic.
These data and results from transverse wave measure-
ments together with the above mentioned data will be
treated in greater detail in a subsequent paper.
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