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F1G. 1. Concentration versus distance for copper nuclei (A) and thermal
acceptors (B) in germanium (heated two minutes at 825°C).

ment with the valueat 825°C calculated from D=0.02 exp(— 12000/
RT), which has been found to apply approximately to thermal ac-
ceptor diffusion.?

In another set of experiments, six of the germanium specimens
were immersed in the radioactive copper nitrate solution for two
minutes and heated in helium at 1 atmosphere at temperatures
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Fi1G. 2. Temperature variation of equilibrium _concentration of
copper nuclei (A) and added acceptors (B) in germanium.
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of 654, 712, 765, 812, 868, and 919°C for 16 hours, 1 hour, 1 hour,
50 minutes, 40 minutes, and 30 minutes, respectively. These times
were sufficient to ensure that the specimens were within at least
5 percent of saturation. Resistivities were determined after re-
moval of excess copper from the surfaces and the copper concentra-
tions then measured by crushing the entire specimens and count-
ing the radioactivity. The results plotted in Fig. 2 are the same
within the limit of error and the uncertainty in the value of the
mobility.” Deviations from the theoretical diffusion curves at
low concentrations may be due to diffusion from the rear surfaces.

Heat treatments at 500°C have been carried out on p-type
germanium (originally 13.5 ohm-cm #n-types) which had been
saturated with Cu® at 924°C. After 18 and 48 hours the copper
concentrations (on separate specimens) were 3.0X 10 and 1.4
X 10 respectively compared with the original 3.0XX10%. The
500°C specimens showed high surface activities indicating that
some copper had come to the surface. The 18-hour specimen was
still partly p-type, whereas the 48-hour specimen had an n-type
resistivity of 20 ohm cm. Thus, most of the copper remained in the
crystal even though it returned to nearly its original resistivity.
This indicates that the copper is no longer in solid solution after
annealing, but has precipitated as a separate phase.

[Experiments on silicon at 1100°C show that copper diffuses into
it at a rate comparable to that found for germanium and that an
increase in hole conductivity occurs. As yet, no direct correlation
of the numbers of copper atoms with the number of added holes
has been made.

The authors wish to acknowledge useful comments by J. A.
Burton, and assistance of Miss Katherine Wolfstirn and J. A.
Ditzenberger.
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Impurity Effects in the Thermal Conversion
of Germanium

W. P. SLICHTER AND E. D. KoL
Bell Telephone Laboratories, Murray Hill, New Jersey
(Received June 11, 1952)

T was shown by Theuerer and Scafi! that polycrystalline #-type
germanium is converted to or toward p-type when heated for a
few minutes above about 600°C, and the process is reversed when
the material is heated for about 24 hours at 500°C. Theuerer,
Fuller, and Slichter? have found that the same effects occur with
single-crystal germanium, except that the original resistivity is
restored only after several days of heating at 500°C. It might be
expected, then, that with the high temperatures encountered in
the crystal-growing process of Teal and Little,? there would be an
appreciable and variable concentration of thermally-induced
acceptors. The present studies, however, have revealed no thermal
acceptors as a consequence of the growing process and have shown
that conversion may be associated with the presence of impurities
on the germanium surface prior to heating.

In these experiments, a crystal of very high purity germanium
(resistivity >45 ohm-cm) was partly grown (in hydrogen), and
then the growth was halted, keeping the crystal in contact with the
hot melt for a prolonged period (in one case an hour, in another,
2 hours). The growth was then resumed and completed in about
ten minutes. A study of the resistivity throughout the length of the
crystal showed no detectable difference between the first portion,
which had undergone prolonged heating, and the second, which
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TasLE 1. The concentration of copper atoms and holes in
germanium containing radioactive copper.

Cu atoms Holes Ratio
Sample per cc per cc Cu/holes
1 2.0 X108 1.7 X1018 1.2
2 9.0 X101 8.8 X101 1.0
3 3.6 X104 3.9 X101 0.9

had been hot only briefly. The material was all #-type, according
to measurements of the thermal emf.

In another experiment the crystal was grown to the halfway
point, and was removed from the crystal growing machine. The
partly-grown crystal was immersed briefly in pure water (doubly
distilled in Pyrex), which was allowed to evaporate from the
surface of the germanium. The crystal was then returned to the
machine and was held in contact with the melt for 30 minutes,
whereupon the growth was resumed as above. Again there was no
evidence of conversion. Nor was there any conversion in a similar
experiment in which the partly-grown crystal was exposed to the
air for 15 hours, instead of being immersed in pure water.

Fuller had observed? that conversion occurred when copper salts
were present on the surface of a cut and lapped germanium wafer
prior to heating. Hence the present experiment on an uncut crystal
was performed using a dilute solution of copper sulfate (0.001
atomic percent) in pure water, followed as before by heating for 30
minutes in contact with the melt. Extensive conversion, with
resistivity as low as 4 ohm-cm along the growth axis, occurred in
that part of the crystal which had been heated, but no conversion
occurred in the part subsequently grown. It was found that for
sufficiently dilute copper sulfate solutions (somewhat more dilute
than 0.001 atomic percent), the degree of conversion depended
upon the concentration of the solution and the time that the
crystal was immersed. This suggests that a surface reaction with
the germanium is a necessary step in conversion.

In a similar experiment, using a solution containing the radio-
active isotope Cu®, copper was found to have entered the germa-
nium. Tracer measurements of the copper concentration, per-
formed by Struthers, and resistivity measurements indicate the
following relation between copper concentration and hole concen-
tration in three specimens from the same crystal,* (Table I).

The calculation of hole concentrations from resistivity measure-
ments involved use of the value 1700 cm?/volt-sec for the hole
mobility. The aggregate experimental error was probably about
30 percent.

These results, together with the studies by Fuller and Struthers®
on the diffusion of copper, are in keeping with the proposition
that thermal conversion may be associated with the rapid diffu-
sion of copper into the germanium.
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Decay Scheme of 5 Sc#

DIETER KURATH
Argonne National Laboratory, Chicago, Illinois
(Received June 6, 1952)

HE decay scheme of 2:Sc®® is of interest because in the

jj-coupling shell model this nucleus is a particularly simple
configuration. It represents the coupling of a single 1fy, proton
with a single 1f7/» neutron-hole. Calculations with product wave
functions and static central-force interactions between nucleons
indicate that in such cases the ground state has a spin that is
either the maximum possible or one unit less than this.! Maximum
spin, I= 7+ j, results from use of an infinite range spatial de-
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F1G. 1. Experimental energy differences at mass number 48. Probable spins
of the Ti8 Jevels are given in parentheses.

pendence in the interaction, while the use of a delta-function range
dependence gives I=j1+j;—1. The competing levels will cross
somewhere between these limits, the indication from the measured
spins of the analogous cases 17CI3¢ and 13K being that the delta-
function result is more likely.

t 'Therefore the spin of Sc* is expected to be 6 or possibly 7,
which is also in agreement with the prediction of Nordheim’s
rules? for odd-odd nuclei. The decay scheme of Sct shows an
allowed beta decay (logfi~5.4) followed by two gammas in cas-
cade as in Fig. 1. The spin assignments of the levels of Ti‘ are
probably the same as in the isotope Ti‘ where gamma-gamma
correlation? is consistent with the assignments 7=0, 2, 4. There-
fore, the fact that the beta-decay is allowed is not consistent with
the assignment of 6 (or 7) for the spin of Sc.

However, recent measurementst of the masses of Ca and Ti®
give a difference in mass of 4.294-0.15 Mev, which means that if the
decay scheme of Sc*® is correct, Ca should be unstable to negative
beta decay to Sc*® with an energy of 1.35+0.2 Mev as indicated in
Fig. 1. This fact has been pointed out recently,® and a search for
this beta-activity led to negative results with a lower limit of
2X 1016 years for the lifetime. From calculation and comparison
with the similar isotopes 2:Sc* and 2,Sc* which have low-lying
isomeric states, one would expect that Sc® has an excited state of
low spin, to which Ca*® could readily decay, within 0.5 Mev of the
ground state. The fact that no activity is found even though 1.35
Mev is available is puzzling.

If, on the other hand, there were another gamma-ray of suffi-
cient energy presént in cascade with the known gammas in the
decay scheme of Sc*, the situation could be understood. For then
the spin of 6 (or 7) would not be inconsistent with the allowed beta
followed by three gammas; and simultaneously there would be
very little energy left for the decay involving Ca%, as a result of
which the large spin change present would lead to such a long life-
time that observation would be extremely difficult.
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Gamma-Rays from Sc*
BERNARD HAMERMESH, VIRGINIA HUMMEL, LEONARD GOODMAN,
AND DONALD ENGELKEMEIR
Argonne National Laboratory, Chicago Illinois
(Received June 6, 1952)

S indicated in the preceding Letter,! the question of a missing
amount of energy (1—1.5 Mev) in the Ca%, Sc%, and Ti¢
masses and decay schemes may be resolved by ﬁndmg beta
process in Ca*8 or by finding a third gamma-ray in the Sc*® scheme.
We have looked for and found the latter.



