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We have studied precession of polarized positive muons in quartz and silicon in trans-
verse magnetic fields, via the asymmetric decay. We observed free muon precession
and two-frequency muonium precession, as well as two anomalous precession frequen-

cies apparent only in silicon.

Positive muons stopping in condensed matter
virtually always capture electrons from the medi-
um to form muonium (u e ) atoms.! In an exter-
nal magnetic field, this spin-3-spin-3 system
has energy eigenvalues given by a Breit-Rabi dia-
gram (Fig. 1). The four indicated transitions
(V19, Vag, Viy, Vyy) manifest themselves as frequen-
cies of muonium precession when the muons are
initially polarized transverse to the external
field. This precession can be monitored by
detecting positrons from the muon decay (u*

—~e 'y, 7,) with a counter telescope in the plane of
precession. Because the decay positrons are
emitted preferentially along the muon spin, the
probability of detecting a positron will include a
contribution which oscillates at the precession
frequency. Repeated measurements of the time-
between muon stop and positron emission gener -
ate a histogram whose Fourier transform exhib-
its peaks corresponding to the above-mentioned
precession frequencies.

Because of the limited time resolution of the
experimental apparatus (~1 nsec), only v,, and
V,3 (the two lowest of the four allowed transitions)
can be observed, and these only for sufficiently
low magnetic fields. Muonium was first observed
in this way by Gurevich ef ql.2 in quartz and cold
(77°K) germanium,

The muonium hyperfine frequency v, can be ex-
tracted from a measurement of the two observ-
able precession frequencies for muonium. In
vacuum, V,=4463 MHz.> Gurevich et ql. found
that y,(quartz) = yy(vac), but that y,(Ge)/y,(vac)
=0.56+£0.01. We have verified their result for
muonium in quartz and measured v, in silicon at
T7°K. We find that v,(Si)/y,(vac)=0.45+0.02, in
agreement with Andrianov et al.* The Ge and Si
results have been interpréted by Wang and Kittel®
in terms of a swelling of the interstitial muonium
atom due to shielding by valence-band electrons.
Identification of interstitial ground-state muonium
as a deep donor clarifies the nature of hydrogen-
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FIG. 1. Energy eigenstates of /=0 muonium in an ex-
ternal magnetic field, as functions of the dimensionless
“specific field” X=2u,B/hv,. For graphical clarity, an
unphysical value of m,/m, is used to generate the plot,
The four allowed transitions are indicated. The rela-
tion vy, +v3,=v, holds for all fields, where vy, is under-
stood to be negative for X >X*~ (m,—m,)/2m,, where
the top two levels cross.

like impurities in these materials.

In our cold p-type silicon spectra, we see not
only the two familiar muonium peaks, but also
two others of similar amplitude, which we have
called “anomalous muon precession” for lack of
a positive identification of their source. Figure
2 shows a comparison between Fourier spectra
for silicon and fused quartz in the same field,
demonstrating the absence of anomalous preces-
sion in quartz. Whereas the muonium frequen-
cies rise approximately linearly with field up to
a few hundred gauss, and are independent of the
orientation of the crystal in the field, the anoma-
lous frequencies have the field dependence shown
in Fig. 3, and are slightly anisotropic, as indi-
cated. Both anomalous precession and muonium
precession have a lifetime on the order of 300
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FIG. 2. Frequency spectra of muons is fused quartz
at room temperature and in p-type silicon at 77°K, In
both cases the applied field is 100 G, The vertical axis
is the square of the Fourier amplitude, in arbitrary but
consistent units, In the lower graph the vertical scale
is expanded by a factor of 10 to the right of the dashed
line, The prominent peaks (from left to right) are the
free muon precession signal at 1,36 MHz, a character-
istic background signal at 19,2 MHz due to rf structure
in the cyclotron beam, the two anomalous frequencies
at 43.6+2.9 MHz (silicon only), and the two 1s muonium
peaks centered about 139 MHz, The wider splitting of
the two 1s muonium lines in silicon is due to the weak-
er hyperfine coupling., These spectra were produced by
performing a Fourier analysis of the first 750 nsec of
the experimental histograms. For comparison, the
muon asymmetries obtained by maximum-likelihood
fits to the first 5 pusec of data were (3.81+0,35)% for
quartz and (5.05 =0.63)% for p-type Si at 77°K.

nsec. Neither of these signals has been détected
in n-type Si at 77°K or in any silicon sample at
room temperature. Three p-type Si samples
with different doping concentrations were studied
at 77°K. The commercially obtained sample had
a doping concentration of ~5x10" e¢m ™3, and the
other two, borrowed locally, had doping concen-
trations of ~10'2 and ~5x%10'2 cm ™. Anomalous
precession signals were seen in all three sam-
ples, but the amplitude was somewhat higher in
the 5X10'-cm "® sample, so it was used for the
bulk of the measurements.

The anomalous frequencies are much higher
than the free-muon precession frequencies in
weak magnetic fields. The muon must therefore
be coupled to a particle or system with a larger
magnetic moment than its own, as in muonium,
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FIG. 3. Dependence of anomalous frequencies in sili-
con upon field strength and crystal orientation. Round
points and solid lines, data and best fit for [111] crys-
tal axis along the field; triangular points and dashed
lines, data and best fit for [100] axis along the field.
Free muon, 1s muonium, and cyclotron background sig-
nals not shown. A number of peaks appear in the spec-
tra in addition to the fitted “proper” anomalous frequen-
cies; these are unexplained. They are indicated by
square points (for prominent peaks) and horizontal bars
(for weak or questionable peaks). The higher of the
“proper” anomalous frequencies is missing at several
fields. This is because the spectra showed no statisti-
cally significant peaks at those positions.

where it is coupled to an electron by the contact
interaction. The field dependence of the data can
in fact be fitted by frequencies v;, and v,, of a
modified Breit-Rabi formula (see Fig. 1), if the
different crystal orientations are treated as sep-
arate cases. However, it is necessary to allow
both the hyperfine coupling strength and the g
factor of the electron to vary in order to obtain a
fit. For the case of the [111] crystal axis paral-
lel to the field, the best value for v,/y,(vac) is
0.0198+0.0002; for [100] parallel to the field,
the best value is y,/y,(vac)=0.0205+0.0003. In
both cases the best value for g, is 13+3. Clear-
ly, the spin g factor of an electron cannot be
much different from 2, nor can a pure contact in-
teraction be anisotropic; this modified Breit-
Rabi descrintion is meant only as a phenomeno-
logical characterization of the data.

These results can be interpreted in terms of a
number of physical models. Perhaps the sim-
plest is shallow-donor muonium. Here the elec-
tron wave function is spread over many lattice
sites, whereas the entire deep-donor muonium
atom fits into one interstitial site. An s state

cannot produce the observed behavior because of
the relatively invariable spin g factor of the elec-
tron. However, in the 2p state the orbital ¢ fac-
tor can be large and anisotropic: The electron
wave function for a shallow donor must be a su-
perposition of conduction-band states, which may
have small anisotropic effective masses. If the
spin-orbit coupling for the electron is large, j,
becomes a good quantum number, and J¢ formally
replaces S¢ in the Breit-Rabi Hamiltonian. A pos-
sible objection to this model is the requirement
of a minimum lifetime of ~300 nsec for the 2p
excited state. Hindrance of the normally fast ra-
diative E1 transition 2p = 1s can be explained by
the small overlap between electron wave functions
in the shallow-donor 2p state and the deep-donor
1s state.

A second physical model is suggested by the
large variety of ESR centers which have been ob-
served in radiation-damaged silicon.® The muon
may create a paramagnetic lattice defect (e.g.,

a broken bond) at the end of its range, combining
with it to form a muon-defect bound state. Such
a center can also be described by a modified
Breit-Rabi Hamiltonian.

The possibility that the anomalous precession
is due to formation of a bound state of a muon
with an impurity atom is considered remote. The
fractional concentration of impurity atoms in our
sample is ~10 8 or less; muons can be expected
to slow from ~100 eV to thermal velocities within
~10® collisions.” Thus the probability of a muon
passing within several lattice sites of an impurity
atom at subionizing velocity is negligible. Fur-
thermore, the time for deep-donor muonium
atoms to diffuse to impurity atoms with muon af-
finities must be longer than ~300 nsec, the ob-
served relaxation time for muonium precession.

However, in stopping, the muon must generate
a high density of free electrons and holes, with
which it may subsequently combine. If we re-
gard the p " as a positive impurity ion in an inter-
stitial position, observations of impurity-exci-
ton bound states in silicon® provide a precedent
for two models involving excitons. The first
model is the neutral muonium-exciton molecule
(u¥e"e™m™, in which the two electrons are as-
sumed to have paired spins, in analogy with
ground-state H,. The pu™is thus coupled to the
hole by a dipole-dipole interaction. Orientational
effects are predicted by this model if the mole-
cule is ‘pinned” by being wedged into an oblong
interstitial site in the unit cell.® A second model
of this type is the ionized muonium-exciton mole -
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cule (u *e~2™), in which all three particles are
coupled via contact interactions. These models
draw support from the fact that measured free
exciton lifetimes in silicon at 80°K are about
400 nsec.'®

None of the above physical models for anoma -
lous muon precession can be eliminated on the
basis of existing data; however, we feel that
shallow-donor 2p muonium is the most probable
explanation. In an earlier study at Columbia Uni-
versity,!! the “quenching” of u* depolarization in
silicon by a magnetic field applied parallel to the
muon polarization was interpreted in terms of
transitory muonium formation. Their results in
p-type silicon at <77°K suggested the existence
of two species of muonium with different hyper-
fine couplings. However, their prediction that
muonium in silicon would only form a short-lived
shallow-donor state is contradicted by our obser-
vation of long-lived deep-donor 1s muonium. If
the anomalous precession is in fact due to shal-
low-donor 2p muonium (albeit long lived), their
conclusions will be at least partially vindicated.
In any event, it is clear that positive muons can
provide a great deal of new information about the
behavior of hydrogenlike impurities in silicon.
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Measurements of vortex-ring current created by ions in pulsed electric fields of dura-
tions ranging from 1076 to 1074 seconds were made in a temperature range of 0.55 to
0.70 K. The results show that the number of vortex rings created is an exponential func-
tion of time as predicted by Donnelly and Roberts. However, the velocity dependence of
measured nucleation probabitilities is only in qualitative agreement with the theory.

Considerable attention has been given to the
production of quantized vortex rings by ions in
He II. Donnelly and Roberts®? have characterized
the creation of vortex rings as a stochastic nu-
cleation process in which a small vortex ring
(protoring), localized in the neighborhood of a
moving ion, grows to a critical size, and be-
comes a macroscopic vortex ring. The probabil -
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ity per second, v, that an ion will nucleate a
vortex ring has been shown by Donnelly and Rob-
erts to be given by

v=n,P, (1)

where P is the probability per second of any one
protoring growing to the critical size, and n, is
the number of protorings (assumed by Donnelly



