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(Received 28 June 1965; revised manuscript received 14 October 1965)

Germanium doped with more than 10"donor
impurities per cms has electronic properties
very much like those of a metal in that it has
a temperature-independent carrier density in
the conduction band at low temperatures. The
Fermi degeneracy temperature TD varies from
76 K for an ND, the donor concentration, of
10"/cm' to 354'K for ND = 10"/cm'. The Fer-
mi surface consists of four geometrically equiv-
alent ellipsoids of revolution centered at the
centers of the hexagonal faces of the Brillouin
zone of the fcc lattice. Electrical transport
is determined in the main by carriers scatter-
ing from the screened ionized donor impurities
which, for the samples discussed below, are
equal in density to the electron density.

The temperature dependence of resistivity
in heavily doped germanium has been previous-
ly investigated. ' ' All the measurements showed
a resistivity increasing with temperature at
low temperatures. The results, thought at the
time to be anomalous, ' were not of sufficient
accuracy to determine the functional dependence
of resistivity on temperature and impurity con-
centration. We report here the first accurate
measurements of the temperature dependence
of the low-temperature electrical resistivity
of Ge, heavily doped with either Sb or As.
Figure 1 shows that the data for all three Sb-
doped samples fit the expression

&p=-p(T)-p =~p (T/T )"'
0 0

within the experimental uncertainties. Here
p is the resistivity, pp the resistivity at zero
degrees Kelvin, and o. =0.95 independently of
the Sb concentration, as determined from the
data of the figure.

The data for two As-doped samples, also
shown in the figure, are fit by

&p=Pp (T/TD)',0

where P = 2.0. For a11 samples, po was obtained
by plotting the experimental resistivity on lin-
ear graph paper versus T+' for Sb doping and
versus T' for As doping and extrapolating the
resulting straight lines to O'K.

The measurements were made in the appa-
ratus described by Hall. ' The carbon thermom-
eter was the same; the calibration was re-
checked at three temperatures. The data were
obtained using two Leeds and Northrup poten-
tiometers, a K-2 to measure the current, a
K-3 for the voltage. The scatter in the data.
at the lower temperatures is due to thermal
voltages of the order of 3 pV inherent in the
measuring circuitry. The germanium samples
have been extensively studied by Katz' in an-
other connection. He obtained the carrier den-
sity from Hall-effect measurements taken at
low temperatures while the samples are sub-
jected to a large uniaxial strain. Under these
conditions, the cubic symmetry is broken and
the four Fermi-surface ellipsoids are no long-
er equivalent. Rather, one is lowered in en-
ergy sufficiently to contain all the carriers.
Hall data taken under these conditions, so far
as the Herring model' applies, is an exact mea-
sure of the carrier density for T «TD. TD
was computed assuming the conduction band
parabolic with the density-of-states mass taken
as that of pure Ge.

There are two contributions to the temper-
ature variation of the resistivity that vary as
(T/TD)'. One' arises from the dependence on
energy of the scattering of electrons by ionized
impurities, the temperature dependence of the
Fermi energy in the distribution function, and
the temperature dependence of the screening
of the ion fields by the electrons.

A second contribution to the temperature vari-
ation of resistivity is electron-electron scat-
tering in which two electrons in different val-
leys scatter each other, each remaining in its
original valley and conserving energy and mo-
mentum in the center-of-mass system. Because
of the mass anisotropy, this process contrib-
utes appreciably to the resistivity. e As the
electron and impurity densities are equal, the
electron-electron contribution to the scatter-
ing should scale as pp. Because both this elec-
tron-electron scattering and ionized-impurity
scattering are screened Coulomb interactions,
the matrix elements for scattering should be
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FIG. 1. Increment of resistivity normalized to the O'K values versus temperature, in units of I'D, for several
heavily doped germanium samples. The solid lines were drawn with the indicated slope to give the best fit to the

data.

roughly equal; i.e. , the electron-electron scat-
tering contribution to the coefficient of (TjTD)'
should be of order unity.

The data for the As-doped samples are con-
sistent with these mechanisms. The Sb-doped
samples, however, exhibit a T dependence
for which there is no explanation of which we
are aware. To further clarify the experimen-
tal situation, it is clearly desirable to make
similar measurements on samples with a range
of compensating impurities so that the electron
density can be varied independently of the den-
sity of scattering centers.

To calculate TD from the Hall constant re-
quires the assumption of a density-of-states
mass. The fact that the curves in the figure
are "universal" suggests that this mass is in-

dependent of doping; i.e. , that the bands are
parabolic over the range of donor concentra-
tion used.

%e would like to acknowledge the helpful in-
teractions we have enjoyed with P. J. Price
and J. B. Krieger on the subject matter of this
Letter.
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We have carried out a measurement of the
yield of high-energy muons emitted at large
angles to a beam of 20- and 30-BeV/c protons
at the AGS. Our objective was to set an upper
limit to the production and decay probability
of massive unstable states decaying into muons.
The most interesting candidate for such a state
is the intermediate boson M', supposed to me-
diate weak interactions. It has been recognized'
that one important signature for a heavy W is
the lar ge tr ansver se momentum given to the
muon in the decay process

W- p, +v.

Recently, high-ener gy neutrino experiments
have established that mg ) 2 BeV.'~' Thus, for
a W of mass 2-6 BeV, the transverse momentum
of the emitted muon can vary from 1 to 3 BeV/
c. This is much larger than is typically found

in secondary particles emerging from high-
energy interactions. Furthermore, the conven-
tional parents of muons, pions and kaons, can
be largely "turned off" because of their rela-
tively fast absorption by strong interactions
in dense matter (-10 cm in tungsten) as com-
pared to their mean free path (550 m at 10 BeV)
for decay. Thus, the rate of muon counts ob-
served at large angles, relatively easily reached
by R' decay, is an upper limit to o~B, where
o~ is the boson-production cross section for
AGS protons (per nucleon), and B is the unknown
partial rate for Reaction (1).

Figure 1 illustrates the experimental arrange-
ment. The fast-extracted proton beam of the
AGS was transported in a vacuum pipe up to
the 82-ft steel shield of the Brookhaven Nation-
al Laboratory (BNL) neutrino facility. An 18-
in. block of Hevimet (90%%uo tungsten) absorbed
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FIG. 1. Experimental apparatus.
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