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ABSTRACT

'We have studied precession of'polarized positive muons in quartz
and silicon in transverse mag.vnetic fields, via the_a_symmetric
decay. We observed free muon precession and tw_ovv-fr'e‘quency
muonium precession, as well as two anomalous érecession fre-

quencies apparent only in silicon.

.Positive fnuohs stepping in co‘ndensed» matter Virt_ually always capture
electrons from the medium to form muonium (|i+ e’) atoms. 1 In an external
magnetic field, this spin 1/2 - spin 1/2 system has energ.y eigenvalues given
by a Breit-Rabi diagram (Fig. 1). The four indicated trensitions ("12' 923,
Vi v34) manifest themselves as frequencies of muoni«ufn precession when
the muons are initially polarized transverse to the external field. This pre-
cession can be monitored by detecfing positrons from the muon decay (p+ -

+ Ve vV ) with a counter telescope in the plane of precession. Because the

decay positrons are emitted preferentially along the muon spin, the probabil-

ity of detecting a positron will include a contribution which oscillates at the



-2-
precession frequency. Répeate_d measurements of the time between muon
stop and poéitron emis sioﬁ gen‘e.rat'é a histvdgr'am whos‘ev Foufiér transform
exhibits peaks cdrrespondihg to thé abové-mentioned_pxj_ecession frequencies.
Bécause of the limited time re'solufion of the expérimental apparatus

(~i nsec), only v and Vv, (the two lowest of the four allowed transitions)

12 23

can be observed, and these only for sufficiently low magnetic fields. Muonium.

was first'observed in this way by Gurevich et a_l_.2 in qt.-iarj:z and cold (77°K)
germanium.

The muonium hyperfine frequency Vo can be extracted from a measure-

ment of the two observable precession frequencies for muonium. In vacuum, .

Vo = 4463 MHz. 3 Gurevich et al.- found that Vo (quartz) = Vo (vac), but that
Vo (Ge)/Vvo (vac) = 0. 56+ 0;0'1. We vhéve verified their result for muonium in
quartz and méasuréd Vo 'in silicon at 77°K. We find that Vo (Si)/vp (vac) =
0.45+0.02, ip agreemént with Andrianov et a_l. 4 The Ce and Si results have-
been interpreted by Wang and Kitte15 in terms of a sw.elli.'ng.of the intérstitial
muonium atom due to shielding by valence band Ielectrovr_xs. Identificétion of
interstitial ground state muonium as a deeé donor clarifies the nature of
hydrogen-liké impuritie‘s in these -méterials. |

In our cc_)ldvp-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 sili-
con and fused quartz in the same field, demonstrating the absence of anomal -
6us precession in quartz. Whereas the muonium frequencies rise approxi-
mately linearly with field up to a few hundred gauss, an& are independent of

the orientation of the crystal in the field, the anomalous frequencies have the

\
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 field dependence shown in: Fig. 3, and are slightly anis;atropic, as indicated.
Both an(‘)malo_uvs precession and muonium pr‘ecessibn have a lifetime

on the order of 300 nsec. Neither of these signals has been detected in

n-type Si at 7_7°K or in any silicon sample at room tempe;ature;

' The anomalous frequ‘.encie's are much higher th:an thé free muon pre—‘
cession frequencies in weak magnetic fields. The muon must therefore
be coupled to>a.partic'1e or sy'r'sterrvl‘with'a' larger | irnagrieti'c moment than its
own, as in muonium, where> it is coupled to an electron by the contact inter -
| action. The field .dependence of the data can in fact b.e fitted to frequencies
V2 and 1'134 of a modified Breit-Rabi formula (see Fig. 1), if the different
crystal orientations are treated as separate 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 parallel
vto the field, the best value for Vo /Vo (vac) is 0.019810.0002; for [1.00]gpara11e1
to the field, the best value is Vo /vo (vac) = 0.0205 0. 0003. ~ In both cases the
best value for 8¢ is 13 x3. Cleai‘l‘y, the spin gl-facto_r of an electron cannot .
be much diffe'rent' from 2, nof can'é pure .cori‘tact interaction be anisotropic;
vthis modified Breit-Rabi description is meant only askbaiiphenomenological
characterizatioﬁ of the data.

‘These results can be interpreted in terms of a number of physical models.
Perhaps the simplest is shallo@-donzor muonium. Here the electron wé.ve
function is spread over many lattice sites, whereas v_the. entire deep-—dbhor
.muonium ator;q fits into one interstitial sit‘e. | An s-state cannot produce the
observed behavior,. due to the relatively invariable spiﬁ g-factor of the elec-
tron. However,l in the 2p state the orbital g-factor can be large and aniso-; _

tropic: the electron wave function for a shallow donor must be a superposition
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of conduction band states, which may have small anisotropic effective masses.
if thé spin-orbit coupling for the electron is large, je becomes a good quantum'
number, and J¢ formally repl;ces s® in the Breit-Rabi Hamiltonian, A
| possible objection to this model is the requirement of a minimum lifetime of
~300 nsec for the 2p excited state. Hind;ance of the normally fast radiative
E1 transition 2p — 15 can be explé.ined by the small overla_,p between electron
wave functions in the shallow -donor Zp state and the deep-donbr 1s state.

AA second physical model is suggested by the large variety of ESR cen-
ters which have been observed in radiation-damaged silicon. 6 The muon may
create a paramagnetic lattice defect (e.g., a broken bond) at the end of its
range,' combininé with it to form a muon-defect bound state. Such a center
can also be described by a modified Breit-Rabi Hamiltonian.

The pos sibiiity that the anomalous precession is due to formé.tion of a
bound state of a muon with ar.l.irnpurity. atom is considered remote. The
fractional concentration of impui'ify atoms 1n our sample is ~'10—8 or less;
muons can be e};pected to slow from ~100 eV to. the‘rmal velocities within
~ 103 collisions. 7 Thus the probability of a muon passing within several lat-
tice sites of an impurity atom at subionizing velocity.is negligible. Further-
more, the time for deep-donor muonium atoms to diffuse to impurity atoms
yvith muon affinities must be longer than ~300 nsec, the observed relaxation
time for muonium precession. !

However, in stopping, the muon must generate Vla high density of free
electrons and holes, with which it may subsequently combine. If wé regard
the p.+ as a positiv;e impurity ion in an interstitial position, observatioﬁs of
impurity-exciton bbund states in silicon8 provide a precedent for two models

involving excitons. The first model is the neutral muonium-exciton molecule
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(p.+ e e; h+); in which the two electrons are assumed to have paired splns,
in analogy w1th ground state H2 - The p is thus coupled to the hole by a di-
pole-dipole interaction. Or1e.ntat1oir1al effects arepiedicted“ by this model if
thé moleéulé is "pinned“ by beingv wedged into an oblong.interstitiai site in

the unit cell. ¥ A second model of this type is the ioniz'e_d muonium -exciton

‘molecule (}L+ e h+), in which all three particles are coupled via contact in-

teractions. These models draw support from the fact thatme'asured free
exciton lifetimes in silicon at 80°K are. about 400 nsec. !

None of the _'afbove physical models for anomalous muoo precession can
be eliminated on the basis of oxisting data; however, -we.fe'ell that shallow-
donor 2p muonium is the most probable explanatlon Inan earlier study at
Columbia, '11 the " quench1ng" ‘of |.|. depolar1zat1on in’ s111con by a magnet1c
field applievd.'p,arallel'to the muon polarization was 1nterpreted in terms of
transitory muonlum formation. Their results in p-type silicon at = 77°K
sug.ge sted the existence of two species of muoniurn v’vith. different hyperfine
couplings. Holv.ve'ver, their prediction that muonium in oi’licon woqld only
form a short‘-ltved shallow-donor state is contradicted oy'our observation
of long-liVed deep-donor 1s‘ muonium.- If the anomalous precession is in
fact due to shallow donor 2p muonium (albeit long- 11ved), their conclusions
will be at 1east partially vindicated. In ,any event, it is clear that pos1t1ve
muons can prov1de a great deal of new ih.formation about the beha.vior of
hydrogen like 1mpur1t1es in 5111con. |

We wish to thank Dr. C. Kittel, J. Shy-Yih Wang, Dr. A. M. POI‘tlS,

~and Dr. C. D. Jeffries for stimulating and helpful suggvestiovns. We are

also indebted to Dr. R. Pehl of LBL EE Research and Development for the

‘1oan of the high- pur1ty silicon samples and to Jlmmy Vale and the 184- 1nch
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FIGURE CAPTIONS

'Energy veigenstat'esA of "’l 4= 0 rll.'xuoniurxi'in,an. éxternal magnetic field,
as funcl:.t:ions_.of.th-e‘-aifhenélioﬁleés-"b_speci-filvc f.ield'v' X - ZpeB/hvo.
Fbr graphical clarity‘, 'aﬁ unphysical valu_e ofrnp/me ié used ) |
t>o_r genef_a.t'e the plot. The four allerd t.ranSifiorzls are indicated.
’fhé relation v, + V5, = v, holds for all fields, where v,, is
understood to be negative Ifor» X > X*- = (mp'.-. r‘ne.)/Zme,' where
the top two levels cross. |

Frequenéy spectra of muons in fuséd quartz at room temperatﬁre

| v
°K. In both cases the applied field is

and in p-vtype silico:n at 77
100 G. The vertical axis is the square of the Fourier amplitude,
1n arbitrary but consistent umts In the lower gréph the verti-
cal scale is expandec.i'by a factor of 10 to 'fhé_righf of the dashed
line. The promineht peal‘<s (from left to 'right)_ are: the free
muon precession signal atl 1.36 MHz; a.f;:l;;ara;:teristic background
.sig.nal at 1‘.9.2vMHz', dué.‘to rf stru;:ture in the cbyclotr.on beam;
the twvo anomalous frequencies altt" 4.3‘_.6:&:2.9: MHz (siiicon only);
and the two 1s 'muonium peaks éenteréd‘abou_t 139 MHz. The.
-w.vider splitting of the two 1s muonium linés in silicon is due to
the wéé.ker hype.rfine coupl}ing. These specfra were produced by
Fourier-analyzing the first 750 nsec of the experimental histo-
gra'ms-. For 'cor_nparison,»the muon asymmetries obtained by
‘maximum -likelihood fits JtAo ihe first 5 _gsec of data were

| o |
3.81%%0.35% for quartz and 5.05%+0.63% for p-type Siat 77°K.

Dependence of andmalous freciluenmes in si_liico'n upon field strength
and crystal orientation. Round points and sblid lines are data
—and best fit for [111] crystal axis along. the field; triangular

|
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points and dashed lines are data and best fit;_for- .[100] axis along
the fiéld. Frée muon, 1s rﬁuoﬁiﬁm, and cyclotron background
signals are not shown. A number of peé._ks appear in the spectra
in additién to the fitted: '.'broéer" anon')alioi._l.s frequencies; these
av_re' unexplained. They a#e indicated by square points (for prom-
inent peaks) and horizontal bars (for .weak vc")r questionable peaks).
The higher of the ''proper'" anomalous frequencies is missing at
several fields. | This is because the spectrérshowed no statist.i—

cally significant peaks at those positions.
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