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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 on1y in silicon.

Positive muons stopping in condensed matter
virtually always capture electrons from the medi-
um to form muonium (p 'e ) atoms. ' In an exter-
nal magnetic field, this spin-2-spin--, ' system
has energy eigenvalues given by a Breit-Habi dia-
gram (Fig. 1). The four indicated transitions
(v», v», v„, v„) 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 (tt '
-e 'v, v„) with a counter telescope in the plane of
precession. Because the decay yositrons 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» (the two lowest of the four allowed transitions)
can be observed, and these only for sufficiently
1.ow magnetic fields. Muonium was first observed
in this way by Gurevich et al.' 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, vo = 4463 MHz. ' Gurevich et al. found
that v, (quartz} = v, (vac), but that v, (Ge)/v, (vac)
=0.56 +0.01. We have verified their result for
muonium in quartz and measured vo in silicon at
77'K. We find that v, (Si)/v, (vac) =0.45 +0.02, in
agreement with Andrianov et al.' The Ge and Si
results have been interpreted 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 l =0 muonium in an ex-
ternal magnetic field, as functions of the dimensionless
"specific field" X= 2p~B/hvo. For graphical clarity, an
unphysical value of m &/m, is used to generate the plot.
The four allowed transitions are indicated. ' The rela-
tion v&&+ v&4= vo holds for all fields, where v&2 is under-
stood to be negative for X&X+= (m& —me)/2m~, where
the top two levels cross.

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 1.86 MHz, a character-
istic background signal at 19.2 MHz due to rf structure
in the cyclotron beam, the two anomalous frequencies
at 48.6 +2.9 MHz (silicon only), and the two 1s muonium
peaks centered about 189 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 p, sec of data were (8.81+0.85)% for
quartz and (5.05 +0.68)% for P-type Si at 77'K.

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. %hereas 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

nsec. Neither of these signals has been detected
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 -5~10" cm ', and the
other two, borrowed locally, had doping concen-
trations of -10"and -5&10"cm '. Anomalous
precession signals were seen in all three sam-
ples, but the amplitude was somewhat higher in
the 5&10"-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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cule (p 'e h '), 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 p' 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.

We wish to thank Dr. C. Kittel, J. Shy- Yih
Wang, Dr. A. M. Portis, and Dr. C. D. Jeffries
for stimulating and helpful suggestions. We are
a,iso indebted to Dr. R. Pehl of Lawrence Berke-
ley Laboratory for the loan of the high-purity
silicon samples and to Jimmy Vale and the 184-

in. -cyclotron crew.

*Work done under the auspices of the U.S. Atomic En-
ergy Commission.

)Research fellow from Schweizerisches Institut fur
Nuklearforschurg, Villigen, Switzerland.

~V. W. Hughes, Annu. Rev. Nucl. Sci. 16, 445 (1966).
I. I. Gurevich, I. G. Ivanter, E. A. Meleshko, B. A.

Nikol'skii, V. S. Roganov, V. I. Selivanov, V. P. Smil-
ga, B. V. Sokolov, and V. D. Shestakov, Zh. Kksp.
Teor. Fiz. 60, 471 (1971) [Sov. Phys. JETP 88, 258
(1971)l.

D. Favart, P. M. McIntyre, D, Y. Stowell, V. L,
Telegdi, and R. DeVoe, Phys. Rev, Lett. 27, 1836
(1971).

A longitudinal-field technique was employed to obtain
vo(Si)/vo(vac) =0.405 +0.026 by D. G. Andrianov, E. V.
Minaichev, G. G. Myasishcheva, Yu. V. Obukhov, V. S.
Roganov, G. I. Savel'ev, V. G. Firsov, and V. I. Fistul',
Zh. Eksp. Teor. Fiz. 58, 1896 (1970) [Sov. Phys. JETP
Bl, 1019 (1970)].

J. Shy- Yih Wang and C. Kittel, Phys. Rev. B 7, 713
(197').

6G. Lancaster, Electron Spin Resonance in Semicon-
ductors (Plenum, New York, 1967).

This estimate is obtained by considering the mean
energy loss in elastic collisions with stationary quasi-
free silicon atoms.

BJ. R. Haynes, Phys, Rev. Lett. 4, 861 (1960),
V. M. Samoilov, Zh. Eksp. Teor. Fiz. 58, 2202 (1970)

(Sov. Phys. JETP 91, 1189 (1970)].
V. S. Vavilov and K. L. Nolle, Fiz. Tekh. Poluprov.

2, 742 (1968) [Sov. Phys. Semicond. 2, 616 (1968)].
~~G. Feher, R. Prepost, and A. M. Sachs, Phys. Rev.

Lett. 5, 515 (1960); B. Kisenstein, R. Prepost, and
A. M. Sachs, Phys. Rev. 142, 217 (1966).

Time Dependence of Vortex-Ring Creation in He II f
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Measurements of vortex-ring current created by ions in pulsed electric fields of dura-
tions ranging from 10 6 to 10 4 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 fonc-
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-

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= jz Py

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
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