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A mell-known consequence of parity noncon-
servation in z - p, decay' is the longitudinal spin
polarization of muons in meson beams emerging
from synchrocyclotrons. ' The residual polari-
zation of positive muons before decaying in vari-
ous solids in which they have been stopped has
been measured by several groups. ' ' In some
substances (e.g. , graphite, metals) no depolari-
zation occurs; in others (e.g. , nuclear emulsions,
polyethylene) a partial depolarization has been
observed; while in a few (e.g. , SiOa) there is
complete depolarization. The details of the pro-
cesses involved are at present not understood.
However, measurements including the quenching
of depolarization in external longitudinal fields' "
are consistent with a mechanism in which the
muon undergoes short-liVed attachments to elec-
trons; i.e. , p.+e systems called muonium are
formed. In order to gain a better understanding
of these processes me have studied the depolari-
zation in semiconductors, the electronic structure
of which is well understood, and the electronic
concentration of which can be easily varied. In
this Letter we report on the depolarization of
muons in silicon and germanium, and in parti-
cular shorn that by varying the concentration of
impurities, the entire range between maximum
and essentially zero polarization can be covered.

The polarimation of the muons is detected by
measuring the asymmetry in the angular distri-
bution of positrons from the muon decay. This
is accomplished by a standard precession-type
experiment, as illustrated in Fig. 1. Five scintil-
lation counters were placed in the "85-Mev" ex-
tern&1 positive-meson beam of the Nevis synchro-
cyclotron. Sufficient absorber mas placed between
counters 1 and 2 to absorb the pions and allow
the muons in the beam to stop in the target ma-
terial placed between counters 3 and 4. Forward
d.ecay positrons in counter pair 23 and backward
positrons in 45 were counted during a gate 1.2
p, sec long, which was started 0.6 p, sec after each
stopped muon. Alternate measurements were
taken in one case with no applied external field
and in another where the muon spins were pre-
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FIG. 1. Exyerimental arrangement for measuring
the depolarization of muons. Cloud-chamber magnet
coils are used in experiments to measure the quenching
of muon depolarization in large longitudinal fields.
Helmholtm coils provide the transverse field in which
the muons precess through 180 deg.

cessed through an average angle of 180 deg in a
40-gauss vertical field provided by a set of Helm-
holtz coils.

Each target mas assembled from cylindrical
samples with the desired impurity concentration.
The effective target sizes ranged from 2~in. X2—,'in.
x~in. to 5in. X5in. &1in. The targets were imbedded
in Styrofoam holders which positioned the sam-
ples in addition to serving as Dewars for cooling
to liquid nitrogen temperatures.

The experimental results are shown in Fig. 2,
where the usual positron asymmetry parameter,
a, is plotted against the concentration of free
electrons and holes in silicon. The results on a
single sample of n-type germanium and of graph-
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FIG. 2. Experimental values of the asymmetry parameter, a, for decay positrons
from stopped muons (a) versus free electron concentration in n-type silicon and free
hole concentration in p-type silicon; (b) in one sample of n-type germanium (phosphorus-
doped) at room temperature and liquid nitrogen temperature; and (c) in a graphite sample
for which the maximum value of a = 0.33 is assumed to correspond to full muon polari-
zation. The abscissas for n-type and p-type silicon have been joined at the value of the
intrinsic concentration for room temperature (-10' cm 3). Since the product of the
numbers of free holes and electrons in thermal equilibrium with the lattice is constant
at a given temperature (i.e. , -10 for silicon at room temperature), the entire ab-
scissa represents an increasing free electron concentration to the right (or an increas-
ing hole concentration to the left).

ite are shown on the same graph. The angular
distribution of decay positrons is of the form
1- a cos8, where 8 is the angle between the di-
rections of the incident muons and the emitted
positrons. In order to obtain a from the meas-
ured peak-to-valley ratios for forward and back-
ward positrons, corrections have been made for
accidental counts, for positrons not originating
in the target, and for smearing caused by the
finite gate width used and acceptance angle sub-
tended by the detectors.

Before discussing the results, it may be re-
called that embedding impurity atoms such as
phosphorus in a material with a large dielectric
constant e, such as silicon, creates what are
called "shallow donors. '"' The donor impurities
have hydrogen-like orbits of greatly expanded
radius, an ionization energy reduced by —e2, and

markedly reduced hyperfine interactions. For
example, phosphorus in silicon has an ionization
energy Ez = 0.045 ev, and the hyperfine interaction
of its electron is approximately 30 times smaller
than it would be if e were unity. " Therefore, if
muonium is formed in silicon or germanium, one
might expect it to behave like a shallow donor,
with reduced ionization energy and hyperfine inter-
action. The experimental results will be discus-
sed with this point of view in mind.

The free electrons and holes are supplied by
the added impurities which are almost all ionized
at room temperature. '4 The time 7g that the elec-
tron is bound to a donor (i.e. , the lifetime of the
muonium state) can be shown to be

=(evN ) ' exp(& /kT), .
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where a is the capture cross section of an ionized
donor, v is the velocity of an electron, Ng is the
density of states in the conduction band, E~ is the
ionization energy of the impurity, and kT is the
thermal energy of the carriers. " For donor con-
centrations exceeding 10' per cm, the donor
wave functions overlap, the electrons are no
longer localized, the effective vg becomes much
shorter than given by Eg. (1), and one approaches
a state similar to a metal (see Fig. 16 of refer-
ence 8). This situation is exemplified by sample
No. 5 which like graphite shows no depolarization,
corresponding to the lack of muonium formation.
As the donor concentration is reduced, the elec-
trons are able to attach themselves for a time
v~ to the muon. This results in the depolariza-
tion exhibitedby samples 2, 13, 8, 12, 1, and 11.
As the donor concentration is further decreased
and acceptors are added, the equilibrium number
of electrons becomes too small to have a signifi-
cant probability to form muonium. " The partial
depolarization observed (see samples 10, 14,
and 6) must therefore be due to the capture of
electrons that are not in equilibrium with the lat-
tice but may be created, for example, by the
muon passing through the sample. The weak de-
pendence of a on the hole concentration is at pre-
sent not understood.

A germanium sample with -10"elec/cm'
showed only a very small degree of depolariza-
tion (see Fig 2). T.his presumably results from
the fact that the ionization energy of donors in
germanium is four times smaller than in silicon,
resulting in a decrease in r~ [see Eg. (1)]. By
going to 77'K, the relevant ratio of Et/&T equals
that of silicon at room temperature and indeed
an almost complete depolarization (similar to that
for silicon) is observed (see Fig. 2).

The polarization may be re-established by ap-
plying a longitudinal magnetic field to the sam-
ple. ' " We have performed a preliminary experi-
ment on sample 11 and found that a field of approxi-
mately 1000 gauss quenched half of the muon de-
polarization. This is consistent with the idea of
shallow donor formations if the number of (p,+e )
attachments with the reduced hyperfine interaction
formed in a muon lifetime is of the order of a
hundred. '7 Further depolarization experiments
at low temperatures are in progress.
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