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We report muon spin rotation measurements inn-type silicon from 10 to 310 K in electric fields up to
5 kVycm. These experiments reveal the nature of the partition of neutral muonium centers intonormal
muoniumsMu0

T d and anomalous muoniumsMu0
BCd: Formation ofMu0

T is consistent withepithermal
processes prior to thermalization, whileMu0

BC is formed via electron transport to athermalizedpositive
muon. The spatial distribution of the excess electrons created in them1 ionization track is shown to
be anisotropic with respect to the muon. [S0031-9007(97)02788-9]

PACS numbers: 76.75.+i, 71.20.Nr, 71.55.Cn
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Muonium (Mu) is a hydrogenlike atom with a positiv
muon sm1d as its nucleus, commonly formed whe
initially energetic muons are implanted in insulators
semiconductors [1]. It behaves in all respects as
isotope of hydrogen and, thanks to the sensitivity w
which it may be detected and its hyperfine parame
determined by means of muon spin rotation spectrosc
or m1SR [1], provides an invaluable model for hydroge
in materials where hydrogen itself is difficult to dete
by conventional spectroscopies. Semiconductors ar
case in point: The electronic structure and dynamics
hydrogen in semiconductors are of fundamental inte
and technological importance primarily because, even
a trace impurity, they can profoundly modify electron
properties [2,3]. Yet surprisingly little is known abou
isolated hydrogen defect centers and it is here thatm1SR
studies of their muonium counterparts have provid
unique insights [4,5].

There are, however, important differences between
ways in which the two hydrogen isotopes—protium a
muonium—are introduced into the sample and sub
quently detected. Hydrogen, i.e., protium, is introduc
chemically (whether deliberately or inadvertently) duri
the sample preparation and has ample time to reach t
modynamic equilibrium and to seek out and pair w
other impurities or defects before detection. Muoniu
by contrast, is formed during or immediately followin
high energym1 implantation [8], and only those state
0031-9007y97y78(14)y2835(4)$10.00
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reached on the microsecond time scale of the muon
time can be studied. The relevant question is how far
may stretch the analogy between hydrogen and muon
in order to model hydrogen behavior in matter.

The incomingm1 leaves behind an ionization trac
whose radiolysis products may subsequently interact w
the muon. It has been customary to assert [6] tha
solids them1 thermalizes far enough from its own last io
ization products that such complications are unimporta
However, some of the excess electrons generated in
m1 track may be mobile enough to reach the thermaliz
muons. Subsequent capture of a radiolytic electron
long been recognized as a possible route to muonium
mation [7]. Recent experiments ininsulators[8–11] con-
vincingly showed that Mu atoms are sometimes formed
transport of excess electrons to positive muons. (In su
fluid helium it is formed mainly viamuontransport [12].)
In this Letter we present experimental evidence that
mechanism can also prevail in asemiconductor, namely,
silicon.

In silicon at low temperatures, two quite different neut
centers are formed, namely,Mu0

T (located in the tetrahedra
interstitial site and formerly denotednormal muoniumor
Mu) andMu0

BC (located at the center of an expanded Si
bond and known also asanomalous muoniumor Mup) [4].
Both are paramagnetic but lose the unpaired electron to
conduction band at high temperature. Ionization beg
near 150 K for Mu0

BC although the muon polarizatio
© 1997 The American Physical Society 2835
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from this fraction is only fully recovered in the Larmo
precession signal of electronically diamagnetic muons
220 K [4]; the intermediate region around 200 K provid
favorable conditions for the present experiment. The on
of ionization is about room temperature forMu0

T .
Until now, the nature of the partition of muons implante

into semiconductors betweenMu0
T and Mu0

BC has been
something of a puzzle. The so-called “spur model” [7
although hotly debated in the context of muonium form
tion in insulating and molecular materials, has not receiv
much attention for the particular case of semiconducto
and the notion of a charge-exchange cycle at the epither
stage [6] has scarcely been challenged. It seems appr
ate to question this long-standing assumption, especi
in light of recent theoretical considerations for charg
diamagnetic species in silicon, where the site preferen
are found to be much more pronounced than for the n
tral atoms [3]. Thus the positive ion is predicted to ex
only asMuBC

1 (i.e., at the bond-center site) and the neg
tive ion only asMuT

2 (at the cage-center). SinceMuT
1

is energetically unfavorable, one can hardly expect it
be a center for delayedMu0

T formation via excess elec
tron transport; by contrast,MuBC

1, being relatively stable,
would certainly seem to be a candidate. These facts im
that the two neutral muonium centers in silicon could w
be formed via different channels. In this Letter we pres
experimental evidence in favor ofdelayedformation of
Mu0

BC via excess electron transport toMuBC
1 while sup-

porting the model of epithermal formation forMu0
T .

The present experiments were performed on the surf
muon beam lines EMU of the ISIS Pulsed Muon Facili
at the Rutherford Appleton Laboratory and M13
TRIUMF. The silicon sample used in these experime
was a lightly dopedn type with a nominal resistivity of
6000 V cm at room temperature, from which we estima
the dopant level to be no more than1013 cm23.

Both surfaces of a square sample1.2 3 1.2 cm with
a thickness of300 mm (a fully depleted silicon detector
were covered with1 mm thick layers of aluminum elec-
trodes to produce an electric field parallel or antipar
lel to the initial muon momentum. At both laboratorie
positive muons of28 MeVyc momentum and 100% spin
polarization were stopped in the silicon andm1SR spec-
tra recorded at various different temperatures and app
electric and magnetic fields.

At ISIS, the pulsed structure of the muon beam preclu
detection of transverse-fieldMu0

BC precession signals; in
a low transverse magnetic field (H  2 Oe, which is low
enough that the splitting of theMu0

T precession frequency
could be ignored), theMu0

T and diamagnetic (D) signals
are observed with an overall time dependence,

A0Pstd 
AMuT

2
exps2lMuT td cossvMuT t 1 wd

1 AD exps2lDtd cossvmt 1 wDd . (1)

Here A0 is a normalization factor (the maximum
muon decay asymmetry); vMuT  gMuT H and
2836
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vm  gmH, where gMuT y2p  1.3945 MHzyOe
and gmy2p  13.553 kHzyOe are the muonium and
m1 magnetogyric ratios;AMuT and AD are the muonium
and diamagnetic asymmetries (proportional to the c
responding ensemble fractions); andlMuT

and lD are
the corresponding relaxation rates. Note thatPs0d , 1
due to the unobserved high-frequency components.
higher magnetic fields (e.g.,H  80 Oe) the Mu0

T signal
likewise becomes invisible, so that in this case the mu
polarization is described by Eq. (1) withAMuT

set to
zero. Figure 1 presents the temperature dependenc
the diamagnetic asymmetry extracted from Eq. (1).

We attribute the increase in the diamagnetic amplitu
beginning above 150 K to ionization ofMu0

BC, yielding
the positively charged centerMuBC

1. Only for much
more heavily doped samples, or at lower temperatur
does the negative ionsMuT

2d appear to play a significan
role in muonium state dynamics [13,14].

At TRIUMF, the continuous time structure of them1

beam permits the simultaneous observation of theMu0
BC,

Mu0
T , and diamagnetic signals in the same silicon sam

in a transverse magnetic field of 64 Oe. All three signa
were therefore taken into account in fitting experimen
time spectra of the muon polarization. The ionization
Mu0

BC leads to the disappearance of the correspond
signals above 150 K. The two spectral lines ofMu0

T (the
triplet precession frequency is split [6] in the higher field
used at TRIUMF) were independent of temperature o
the whole temperature range studied with an asymme
corresponding to about 40% of the total polarization. T
temperature dependence of the diamagnetic asymm
obtained at TRIUMF was qualitatively the same as th
obtained at ISIS (see Fig. 1) although reduced by
temperature independent multiplicative factor of abo
0.7. The larger value at ISIS probably represents mu
stopped outside the sample (the possibilities for be
collimation close to the sample being limited at a puls

FIG. 1. Temperature dependence of the diamagnetic am
tude in a lightly dopedn-type silicon sample in transverse mag
netic fields ofH  80 Oe (circles, ISIS data) andH  64 Oe
(stars, TRIUMF data).
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source). At TRIUMF, collimation of the muon beam t
10 mm considerably reduced the background signal.

Application of electric fields to the sample at 202 K
reveals a strong dependence of the diamagnetic asym
try on the strength and direction of the applied field,
shown in Fig. 2. Here positive and negativeE corre-
spond, respectively, to the external electric field appli
parallel and antiparallel to the initialm1 momentum di-
rection: Assuming that the muons thermalize (on avera
downstream of their final radiolysis products, positiveE
therefore pulls them1 ande2 apart, whereas negativeE
pushes them1 ande2 together.

Any increase of the diamagnetic fraction with electr
field is expected to be at the expense of the paramagn
fraction(s), yet our data atT  202 K show theMu0

T
fraction to be unaffected by application ofE (to within an
experimental uncertainty which is an order of magnitu
less than its expected change). Since the change
the diamagnetic fraction withE is not at the expense
of the Mu0

T fraction, the Mu0
T state must indeed be

formed promptly, and there is no reason to doubt th
this occurs at theepithermal stage. Further support
for the epithermal model comes from the fact th
AMuT

is found to be temperature independent. Th
alternative process, namely,delayedmuonium formation
via charge transport, involvesthermalizedparticles and
is inevitably temperature dependent through the elect
mobility [8,9]. We therefore conclude that the increas
of the diamagnetic fraction with electric field takes plac
at the expense of theMu0

BC fraction and infer that
Mu0

BC must be formed thermally by transport of radiolys
electrons from the muon’s ionization track to them1.
Since theMu0

BC signal is not detected, either the electro
transport takes longer than the typical period ofm1

polarization oscillations inMu0
BC or the characteristic

time for subsequent thermal ionization ofMu0
BC is too

FIG. 2. Electric field dependence of the diamagnetic amp
tude in silicon atT  202 K (circles, ISIS data),T  151 K
(stars, TRIUMF data), andT  250 K (triangles, TRIUMF
data).
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short to permit its observation. At this temperatu
(202 K) the absence of a detectableMu0

BC signal is
probably due to its rapid ionization.

Experiments at lower temperatures—141 K at IS
and 120 and 151 K at TRIUMF—revealedno electric
field dependence of the diamagnetic fraction; that is, t
effect is negligible at all temperatures where theMu0

BC
signals are detectable. This could be due to a reduct
in the characteristic muon-electron distance at lowerT ,
increasing the muon-electron Coulomb attraction until
cannot be overcome by an externally applied elect
field. The effect also disappears at higher temperat
sT  250 Kd: Ionization is so fast at this temperatur
that any time spent asMu0

BC is a negligible fraction of
a hyperfine period and has almost no effect on them1

polarization in the diamagnetic signal.
Since our model for delayed formation ofMu0

BC relies
on measurements made in the narrow temperature reg
between the onset ofMu0

BC ionization and the recovery
of the MuBC

1 signal in the transverse-field spectra,
must be set against other possibilities, e.g., the elec
field in some senseassistingthe ionization. This latter
possibility may reasonably be dismissed, since we fi
a small but significantanisotropy in the influence of
the electric field: In Fig. 2 the typical slope of theE
dependence for positiveE may be seen to be steeper tha
that for negativeE. This, in turn, is the signature of an
anisotropy in the spatial distribution of the muons relativ
to the excess electrons, confirming that muons do inde
thermalize “downstream” from the “center” of the exces
electron distribution. A similar anisotropy has been se
in liquid helium [15]. In solid nitrogen [9] and liquid
neon [11], experiments also show anisotropic spat
distributions of the electrons with respect to them1,
but the electric field dependence is qualitatively differen
While the diamagnetic fractionfD increases and the
muonium fractionfMu decreases with positiveE, as in
liquid helium and in silicon, the application ofnegative
E actually decreasesfD and, accordingly,increases
fMu. This behavior may be explained by a peculia
electron delocalization process in a high electric fie
[16] combined with the anisotropic spatial distribution o
the free electrons [17]. However, a detailed model f
the manifestations of such an anisotropy is beyond
scope of this paper; its mere existence is sufficient for o
present arguments.

These findings are relevant to the use of muoniu
spectroscopy for modeling hydrogen in semiconducto
It is important to establish that the process of muo
implantation does not create muonium states which
somehow different from those of protium or inaccessib
through normal thermal processes. In fact, the bon
centered state is now understood to be the ground s
for interstitial hydrogen in silicon: The so-called AA9
center, which in the new notation we would denote
H0

BC, has been detected by ESR spectroscopy [18]. It m
2837
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also be that the capture of radiolytic electrons by proto
has some role to play in the performance of semiconduc
devices subjected to ionizing radiation.

In conclusion, we have demonstrated the influence of
external electric field on the initial partition of muon state
in silicon. There is no reason to question the epitherm
model for Mu0

T formation, but we argue thatMu0
BC is

formed via electron transport toMuBC
1, i.e., via a two-

stage process in which them1 is initially thermalized at
the bond-center site and subsequently captures a radio
electron. The spatial distribution of such electrons wi
respect to them1 is shown to be anisotropic, consisten
with muon thermalization downstream from the center
the excess electron distribution.
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