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Charge dynamics of muonium centers in Si revealed by photoinduced muon spin relaxation
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Muonium dynamics in crystalline Si has been studied in bothp-type andn-type samples using the muon
spin-relaxation technique combined with photoexcitation. Controlling the excess carrier density in this way has
revealed the dynamics of charge-exchange cycles and transfer processes involving MuBC

0/1 and MuT
2/0 . In

particular, photoexcitation has provided access to processes involving hole capture not attained by conventional
experimental techniques. As a consequence, strong evidence was found for the delayed formation of electri-
cally inactive muonium states in both types of Si, suggesting a process of diffusion-limited direct interaction of
muonium with dopant impurities~i.e., muonium passivation!.
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I. INTRODUCTION

Hydrogen isotopes including muonium~Mu, an analog of
atomic hydrogen in which the proton is substituted by a po
tive muon! are the simplest atomic defect centers conce
able in crystalline solids and have for that reason been
tracting considerable and continued interest in solid-s
physics. In particular, since the revelation in the 1980s t
hydrogen, present often as an inadvertent impurity, inter
with deliberately introduced dopant atoms in semiconduc
with drastic effects on their bulk electronic properties, t
study of hydrogen isotopes and related complex defects
been a central topic in the field of semiconductor physics1–5

The study of muonium centers in semiconductors
complementary to direct studies of conventional hydrog
isotopes in many respects. First, it is virtually the only sou
of information on the electronic structure ofisolatedhydro-
gen isotopes, whereas much information on hydrogencom-
plexeshas been generated by various spectroscopic t
niques such as infrared absorption. Second, themSR ~muon
spin relaxation! technique has a natural time window dete
mined by the muon lifetime (tm.2.2 ms) and thus dynami-
cal processes related to muonium centers correspond to
early stage behavior of hydrogen isotopes directly upon t
implantation into the semiconductor matrices. Third, the

ceedingly light mass of Mu (19 th of the proton mass! leads to
enhanced quantum-mechanical effects in the dynam
properties of Mu such as diffusion as compared to hea
hydrogen isotopes. Besides these points, it is further n
worthy that information regarding muonium centers has r
idly been accumulated on a wide variety of semiconduct
whereas information on conventional hydrogen to date
strongly concentrated on Si.

It is presently established that there are two distinct m
nium states inc-Si ~as in other elemental and compoun
semiconductors with zinc-blende structure!, one ~known as
MuBC) sitting at the Si-Si bond center and characterized b
highly anisotropic hyperfine structure, the other presumed
inference from its isotropic hyperfine structure to be at theTd
0163-1829/2003/68~24!/245204~17!/$20.00 68 2452
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site~known as MuT).4,5 The latter, whose nontransient natu
on themSR time scale has been puzzling in the light of t
widespread theoretical recognition of MuBC as the ground
state in the adiabatic potential,6 has been recently identifie
as a state quantum mechanically stabilized owing to its li
mass.7 The coexistence of MuBC and MuT naturally leads to
several issues such as the origin of the bistability, the e
getics of these species including their charged states, an
on. The combination of ‘‘annealing’’ studies and resonan
methodology has proven useful in addressing these issue
the past.8,9 Positive muons are implanted into the specim
with a typical energy of a few MeV in which range the fin
state upon thermalization~which is reached within 10211 s)
is presumed to be governed by statistical factors rather t
the detailed local electronic environment. Thus, the sys
starts off from a nonequilibrium state~particularly at low
temperatures! in the time window ofmSR. This situation
allows us to obtain dynamical information on Mu simply b
observing its alteration as a function of temperature. Ho
ever, while this approach is the conventional one, one m
deal with a certain complexity caused by the fact that vario
channels to the equilibrium state open simultaneously u
temperature rise. This complexity can be partly resolved
using photoexcitation to control the excess carrier den
independently of the lattice temperature. Because of
relatively long lifetime of excess carriers in S
(.101–102 ms), their population can be regarded as pers
tent during themSR time window. Moreover, the combina
tion of this technique with the use of heavily doped samp
where the density of majority carriers is governed solely
the dopant concentration provides a control experimen
elucidate the role of minority carriers involved in the d
namical process under photoexcitation.

The first attempt by Zu¨rich group to observe the effect o
illumination on muonium center in Si yielded a negative r
sult, presumably due to the limited light intensity.3 The ex-
periment was performed using a continuous muon be
combined with a continuous light source, with sample he
ing considerations setting a limit on the usable light intens
This difficulty can be removed by the use of a pulsed lig
©2003 The American Physical Society04-1
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source synchronized with a pulsed muon beam. Using su
method, and employing the spin-resonance technique,
Stuttgart group has successfully observed a change in
Mu1 resonance amplitude upon illumination.10 Unfortu-
nately, the resonance technique, in common with other ti
integral techniques, is of limited utility for the study of tran
sient phenomena such as charge state transitions occu
during photoexcitation, and to this end a time-resolvedmSR
technique using a pulsed muon beam and light source
been developed.11

In this paper we report on the muonium dynamics
B-doped (p-type! and P-doped (n-type! c-Si revealed by
time-resolvedmSR under photoexcitation. Earlier stages
this study including work on intrinsic Si,n-type Si, and
n-type Ge can be found in several precedi
publications.11–13In the following we model the role of pho
toexcitation on the muonium dynamics and argue the adv
tage of the technique over the conventional annea
method. Then, a current model of Mu states inc-Si is briefly
introduced to define some dynamical parameters which
used to interpret the present result. The results inp-type Si
are relatively easy to understand and are therefore prese
first in the following section, followed by the results i
n-type samples.

II. METHODOLOGY

It is clear from annealing experiments that muonium c
ters form a deep donor level in the upper half of the ene
band gap in Si.8 When Mu1 and Mu0 are the possible charg
states~corresponding to MuBC), the processes of electro
release and capture associated with muonium center are
scribed by the following two rate constants:

Mu0→Mu11e2:r 015r01exp~2E01 /kT! ~release!,
~1!

Mu11e2→Mu0:r 105s10vene ~capture!, ~2!

where r01 is the attempt frequency,E01 is the activation
enthalpy,s10 is the cross section for electron capture,ve is
the Fermi velocity, andne is the electron density at the bo
tom of the conduction band. The point is that the rele
process is activated by phonons and only minimally affec
by the carrier density in the conduction band, whereas
capture process is governed by the carrier density. Here
deliberately avoid the use of terms such as ‘‘ionization’’
label the process since that term also describes proce
such as Mu01h1→Mu1 ~a process the rate of which i
predominantly determined by the hole ‘‘capture’’ cross s
tion!. In the true equilibrium state the carrier density
n-type Si at low temperatures is approximately given by

ne;
1

A2
~NDNC!1/2exp~2ED/2kT!, ~3!

whereND is the number of donor atoms,NC is the effective
density of states in the conduction band, andED is the en-
ergy of donor level measured from the bottom of the cond
tion band. As shown by Eq.~3!, the carrier density increase
24520
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exponentially with increasing temperature until it enters
saturation range~e.g., 150–500 K for P-doped Si! deter-
mined by the density of donor atoms. This effect develops
parallel with the electron release process which has an a
vation energy;E01 for Mu, making it difficult to distin-
guish these two effects.

The role of photoexcitation in this situation is to increa
the carrier densityne to ne* which leads to the increase of th
capture rater 10 to r 10* without changingr 01 . In the actual
situation the process is cyclic with an exchange rate

n5
r 01r 10

r 011r 10
, ~4!

where one would expect two different cases. That is to s
when r 01@r 10, the exchange rate is limited by the captu
process and consequently a significant effect is expe
upon the increase ofne to ne* . On the other hand, little or no
effect of photoexcitation is anticipated for the caser 10
@r 01 .

In the case of intrasite charge conversion, the tempera
dependence ofn is controlled by the activation process irre
spective of photoexcitation. In particular, when the system
in the equilibrium state, one can define the Fermi levelEF ,
which is determined by the density of donors/acceptors
the temperature. The probability for muonium to be neutra

p05F11
1

g
expS E012EF

kT D G21

, ~5!

whereg is the ground-state degeneracy of the muonium
purity level ~which is presumed to be 2 to accept one ele
tron with either spin! andEF is measured from the bottom o
the conduction band. This would mean that muonium is n
tral in n-type Si only over a low-temperature region dete
mined by the conditionE012EF,0 and is always posi-
tively charged inp-type Si. However, as is shown later, th
fact is that a large fraction of implanted muons are found
be neutral on an early time scale (,1ms) even in moderately
p-type samples, demonstrating that the implanted muons
in a nonequilibrium state at low temperatures. Neverthele
the position of the Fermi level tells us whether or not cha
conversion is favored in a given situation, and it thus rema
a useful device for interpretation of the observed phenome

The presence of a cyclic charge-exchange process is
tected through a longitudinal spin relaxation of muoniu
Since the electrons are unpolarized, muon polarization
partly lost upon muonium formation: e.g., for MuT centers
under a longitudinal fieldB,

PT~B!5

1
2 1x2

11x2
, ~6!

wherex52G1B/v0 with 2G15gm1ge , gm and ge being
the respective muon and electron gyromagnetic ratios,
v0 @52p32006.3 MHz~Ref. 14!# is the muonium hyper-
fine frequency. In the strong collision model for a Markovia
process where the muon spin loses its phase memory c
4-2
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pletely at each exchange step~whose approximation is valid
for v0@n),15 the time evolution of the muon polarization
described by

Pa~ t,B!.exp~2nt !H Pa~B!1nE
0

t

@Pa~B!#2dt1

1n2E
0

tE
0

t2
@Pa~B!#3dt1dt21•••J

5Pa~B!exp~2nt ! (
n50

`
@Pa~B!nt#n

n!

5Pa~B!exp$2nt@12Pa~B!#%, ~7!

wherea5T or BC. For MuT centers the polarization expre
sion becomes

PT~ t,B!.PT~x!exp@2lT~B!t#, ~8!

lT~B![n@12PT~B!#5
n

2~11x2!
, ~9!

showing that the spin-relaxation rate is itself dependent
the applied field. While similar or identical results can
obtained by other approaches,16–18 the above formulas are
useful for an intuitive understanding of the origin of fiel
dependent relaxation. In particular, in the case of MuBC cen-
ters the muon polarization shows a complicated field dep
dence; that is, whengeB@uGu,V we have

PBC~B!5
1

8 (
i 51

4 H ~V i2gmB!2

G i
21~V i2gmB!2

1
~V i1gmB!2

G i
21~V i1gmB!2J ,

~10!

V i5
1
2 ~v icos2u i1v'sin2u i !,

G i5
1
2 ~v i2v'!sinu icosu i ,

where v i (52p316.819 MHz) and v' (52p
392.59 MHz) are the anisotropic hyperfine parameters
u i is the angle between the fieldB and thec@111# axis.19,20

The functionPBC(B) has a broad minimum around a field

Bp.
V i

gm
, ~11!

where the isotropic part of the effective hyperfine field on
muon is minimal and consequently the loss of muon po
ization upon MuBC formation is at a maximum. This is als
reflected in the spin relaxation of MuBC as

PBC~ t,B!.PBC~x!exp@2lBC~B!t#, ~12!

lBC~B![n@12PBC~B!#, ~13!

where lBC(B) shows a maximum atBp . It should be
stressed that these features allow us to distinguish rea
between the two centers involved in the charge-excha
cycle without resorting to spin-rotation or resonan
techniques.21,22
24520
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In addition to the cyclic charge/spin-exchange proce
another important process which may occur is irreversi
transition to another charge state, independently of the
change process. In actual cases we often encounter a s
tion where muonium undergoing an exchange process an
associated spin relaxation slowly passes into a second
tionary state with no spin relaxation. The time evolution
the muon polarization in this situation can be described b
two-state model. For example, when the initial state is one
these muonium states and transition to a nonrelaxing
magnetic state occurs at a ratek, we have

Ga~ t,B!5Pa~ t,B!e2kt1kE
0

t

Pa~u,B!q~ t2u!e2kudu

5Pa~B!F la

la1k
e2(la1k)t1

k

la1kG , ~14!

whereq(t)51 for the nonrelaxing final state. Two chara
teristic features may be pointed out for Eq.~14!, namely~i!
the net relaxation rate

La~B![la~B!1k ~15!

has a field-independent termk and thus does not quenc
completely at higher field, and~ii ! there is an asymptotic
component

Ga~`,B!5
k

la~B!1k
Pa~B! ~16!

which also depends on the applied field. In the case of a MT
center converting to a diamagnetic state one obtains

GT~`,B!5

1

2
1x2

11
n

k
1x2

, ~17!

while GBC(`,B) is more complicated. This feature is pa
ticularly useful whenla or k is too large to resolve the
initial relaxation @the first term in Eq.~14!# and only a re-
sidual component is observed in themSR time spectra. For
example, when the unseen paramagnetic state can be
sumed to have an isotropic hyperfine structure, the hyper
parameterv0 is readily determined by analyzing the field
dependent residual polarization with Eq.~17!.

While examination of the magnetic-field dependence
the muon polarization provides a powerful technique to
sist in the deduction of various dynamical and kinetic para
eters, full investigation of the temperature dependence o
relevant parameters necessitates the collection of a very l
quantity of data. Such a study is still beyond the scope
feasible experiment in terms of available beam time at ex
ing muon facilities. Instead, we have chosen several point
temperature where characteristic and distinctive behavio
expected from earlier reports.

III. DYNAMICAL MODEL TO BE EXAMINED

Previous annealing studies in Si using the muon sp
resonance technique have led to the postulation of a dyna
4-3
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cal model involving transitions among four muoniu
states.8,9 Results inp-type Si indicate that in this system
transitions among MuBC

0 , MuBC
1 , and MuT

0 states are suffi-
cient for the interpretation of the data, whereas the MuT

2 state
becomes important in then-type samples. The intrasite tran
sitions (MuBC

0 
MuBC
1 and MuT

2
MuT
0) are described by

Eqs. ~1! and ~2!. In addition, three further channels asso
ated with site change between T and BC sites are introdu
these are the migration between neutral centers,

MuT
0→MuBC

0 , ~18!

and two channels associated with electron capture,

MuBC
1 1e2→MuT

0, ~19!

MuBC
0 1e2→MuT

2 . ~20!

The presence of processes~18! and ~19! is strongly sug-
gested by the experimental evidence in intrinsic andp-type
samples,8,11,21whereas process~20! is presumed to occur in
n-type Si.8

However, the problem here is that relatively little
known about the shape of the adiabatic potential connec
these two sites. For example, pseudopotential dens
functional theory studies of the system predict that there
no appreciable potential barrier between the T and BC sit6

The origin of the potential barrier~and hence that of the Mu
bistability! might be related to dynamical behavior~e.g., the
‘‘nonadiabatic’’ response of the Si matrix to the muoniu
atom’s motion!, as we discuss later. For the time being w
adopt a phenomenological potential8,9 of the type illustrated
in Fig. 1. Process~18! is then described by a simple activ
tion expression similar to Eq.~1!. The latter two processe
are combinations of capture and activated site change, an
the rate, e.g., for process~19!, might be governed by

t105s10neveexp~2H10 /kT!. ~21!
24520
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While the rate of this process is proportional tone and there-
fore susceptible to photoexcitation, it may be controlled
the factor exp(2H10 /kT) at lower temperatures.

Because of the number of transitions potentially involv
in the muonium dynamics it would be useful to sort them o
according to their likely susceptibility to the photoexcitatio
The relevant processes are listed in Table I for bothp- and
n-type samples. Among these, the following hole capt
processes are added to the original model in Refs. 8 and

MuT
01h1→MuBC

1 , ~22!

MuT
21h1→MuT

0. ~23!

Note that the process, Eq.~22!, has been already reported fo
intrinsic Si under photoexcitation.11 Parameters forr 10 ,
r 01 , t10 , r̄ 01 , t02 , r 02 , r 20, and t00 are reported in the
literature,8,9 where the first five have MuBC as the initial
state, while the others have MuT . According to the literature
values, the electronic state associated with MuBC(1/0) lies
aboutE0150.21(1) eV below the conduction band. Rece

FIG. 1. Adiabatic potential model for muonium centers in
~represented as a configuration coordinate!. The energy for intrasite
charge promotion isE0150.21(1) eV for MuBC(1/0) and E20

50.56(3) eV for MuT(0/2). The activation enthalpies for the tran
sitions involving site change are reported to beH0050.38(3) eV,
H1050.40(2) eV, andH0250.31(1) eV~Ref. 9!.
oxes are
capture. The

by
TABLE I. Transitions involved in the muonium dynamics in Si classified by release/capture of carriers, where those shown in b
processes added by the present work. The subscripts refer to the change of muonium state, and the overline refers to hole release/
ratesr are for intrasite processes whilet are for intersite transfer processes. The processes in the left column are common to bothp- and
n-type Si whereas those in the right are presumed to occur only forn-type Si. The rates marked with an asterisk (*) can be increased
photoexcitation. Only the capture process is considered for holes, assuming that both MuBC(1/0) and MuT(0/2) levels lie in the upper half
of the energy gap.
4-4
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study on n-type Si has revealed that the position ofE20
associated with MuT(0/2) is 0.56~3! eV.9 The activation en-
thalpies for the transitions involving site change seem to
rather close together: for instance,H0050.38(3) eV, H10
50.40(2) eV, andH0250.31(1) eV, as illustrated in Fig
1.9 In any case, understanding of the potential-energy r
tionship between MuBC

0 and MuT
0 is currently based on the

following pieces of evidence:~i! the transition from MuT
0 to

MuBC
1 around 200 K fits a model of thermally activated tra

sition from MuT
0 to MuBC

0 followed by electron promotion,8

and ~ii ! the transition from MuT
0 to MuBC

0 is enhanced by
photoexcitation near 10 K.11

In order to induce longitudinal spin relaxation of diama
netic ~charged! states, a cyclic succession of charge st
transitions is required to take place. The following two pr
cesses, in which the charge state transition is controlled
electron capture/release at the BC site, are known to o
under thermal excitation.

Cycle e1. MuBC
0 →

r 01

MuBC
1 1e2 →

r 10

MuBC
0 →•••

ne15~r 01
211r 01

21!215
r 01r 10

r 011r 10
. ~24!

Cycle e2. MuT
0 →

t00

MuBC
0 →

r 01

MuBC
1 1e2→

t10

MuT
0→•••

ne25~ t00
211r 01

211t10
21!215

t00r 01t10

r 01t101t00t101t00r 01
.

~25!

It is clear that these cycles are susceptible to the photo
citation when the rate is controlled by the carrier capt
process. In addition to these, we consider further cycles
volving photo excitedholes the presence of which is con
vincingly suggested by the present result on MuT centers in
n-type Si.

Cycle h1. MuT
21h1 →

r̄ 20

MuT
0 , MuT

01e2 →
r 02

MuT
2→••• .

nh15~ r̄ 20
211r 02

21!215
r̄ 20r 02

r̄ 201r 02

. ~26!

Cycle h2. MuT
21h1 →

r̄ 20

MuT
0→

t00

MuBC
0 ,

MuBC
0 1e2→

t02

MuT
2→•••

nh25~ r̄ 20
211t00

211t02
21!215

r̄ 20t00t02

t00t021 r̄ 20t021t00r̄ 20

.

~27!

The primary goal of our work is to establish a se
consistent model of spin/charge dynamics including th
cycles on the basis of energetics provided by Fig. 1. Wh
the dynamical parameters reported in the literature are u
to interpret the present data in ‘‘dark’’~unilluminated! speci-
mens, additional parts of the model extended to accom
24520
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date the effect of photoexcitation will be examined in t
light of data obtained under illumination.

It is inferred from the analysis based on the above
namical model that there is a fraction of implanted muo
which is unresponsive under illumination in bothp- and
n-type specimens, while no such component is observe
intrinsic Si. Our second goal is to demonstrate that this co
ponent is related to Mu-dopant atom interactions. The tw
state model introduced in the preceding section will be u
to describe the formation of such an inactive component

IV. EXPERIMENT

The modernmSR experiment is based on the use of
so-called ‘‘surface muon’’ beam which is inherently 100
spin polarized along the beam direction and has a relativ
low energy of 4 MeV. The implanted muons thermali
within ;10 ps with a positional spread on the order of se
eral tens of micrometers in Si, so that the density of se
created defects and vacancies in the immediate vicinity
each muon is negligibly small.3 Thus, implanted muons ma
be regarded as simulating the situation pertaining in the
treme low-density limit of isolated hydrogen. This remai
true even in the case of a pulsed muon beam wh
;103–104 muons are delivered with every pulse.

The present experiment was conducted on the port 2 b
line at the RIKEN-RAL Muon Facility which provides a
pulsed beam of surface muons (;104m1 per pulse, 70 ns
width, 50 Hz repetition!. The thermal load upon photoexc
tation was minimized by the combined effects of the e
tremely low duty factor of the pulsed light source~Xe flash
lamp! and the pulsed nature of the muon beam. A schem
view of the setup around the specimen is shown in Fig. 2
parallel light beam is delivered onto the Si wafer through
cutoff filter to eliminate photons of 700 nm or shorter wav
length which do not contribute to the bulk excitation. Th
excitation spectrum measured bymSR using band-pass filter
indicates that photons in the energy range 1.2–1.4 eV~i.e.,
just higher than the energy gap for indirect electronic tran
tions in Si! dominate the bulk excitation. The photoinduce
carrier density is then estimated from the photon intensity
the sample position measured by pyroelectric power m
and integrated over the appropriate energy range to yield

Ane* nh* ;131015 cm23. ~28!

FIG. 2. A schematic diagram of the apparatus for themSR mea-
surement under photoexcitation. The Xe flash lamp provides a
allel light beam from the@100# direction.
4-5
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This condition was common to all the runs carried out un
photoexcitation. The characteristic properties of the Si sp
mens used in this study are listed in Table II. They we
obtained from commercial sources as 4-in. wafers with m
ror polishing on one side. The 4-in. wafers were Czochrals
grown crystals and so the concentration of oxygen impuri
is likely to be relatively high compared with the float-zone
used in most previous work. The apparatus was placed in
ARGUS spectrometer and time-differentialmSR measure-
ments were performed under a longitudinal field~LF-mSR).
The longitudinal spin polarizationPz(t) is proportional to
the spatial anisotropy of decay positrons or ‘‘asymmetry,

A~ t !5
~11a!Rz~ t !2~12a!

~11a!2~12a!Rz~ t !
5A0Pz~ t !, ~29!

where A0 is the asymmetry at the time origin~typically
0.2–0.3),Rz(t) is the empirical ‘‘raw’’ asymmetry, which is
deduced from the time histograms of the positron coun
situated in positions either forward (1) or backward (2)
with respect to the muon polarization,

N6~ t !5N0
6exp~2t/tm!@16A0Pz~ t !#, ~30!

Rz~ t ![
N1~ t !2N2~ t !

N1~ t !1N2~ t !
, ~31!

TABLE II. Sample properties of the Si wafers including orie
tation, majority-carrier dopants, and their concentrations estim
from resistivity at ambient temperature.

Sample Axis Dopant Type C (cm23)

p15 @100# B p 1.331015–1.531016

n15 @111# P n 631014–1.531015
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1 is a correction factor originating in the dif
ference in efficiency between the two sets of detectors. N
that for a51, A(t)5Rz(t).

In the practical situation, there are two problems asso
ated with the correction parametera: ~i! it occasionally
drifts during long runs~i.e., over several hours! due to long-
term instabilities in the muon beam delivery condition
making it difficult to effect a precise comparison of the tim
spectra, and~ii ! it often depends on the magnetic field, an
consequently calibration data fora(B) are necessary in orde
to deduce the true underlying time spectra under longitud
field. The former problem was resolved by adopting altern
ing mode data acquisition, where the flash lamp was fi
only on every second beam pulse, and the time spectra
and without illumination were stored in separate sets of h
tograms. This feature proved helpful in minimizing syste
atic errors in comparing the two sets ofmSR time spectra.

The origin of the field dependence ina is qualitatively
accounted for through the angle dependence imposed on
positron energy spectrar6(E) by the different thicknesses o
material through which the positrons must penetrate prio
their detection by the counters. The positrons undergo a
ral motion around the magnetic field with a radius prop

d
TABLE III. The initial partition of muonium states in p15 an

n15 samples determined by fitting to Eq.~34!. The fractionf P de-
notes a component which exhibits fast depolarization observed
in the n15 sample.

p15 n15
37 K 150 K 280 K 12 K 150 K 290 K

f T 0.40 0.47 0.53 0.40 0.35 0.65
f BC 0.50 0.53 0.07 0.28 0.28 0.25
f 6 0.10 0.0 0.40 0.12 0.17 0.10
f P 0.20 0.20 0.00
nsition

ion
TABLE IV. The dynamical parameters in p15 and n15 samples determined under the two-state tra

model. The diamagnetic state denoted by Mu86 is the state which remains intact under photoexcitat
probably due to the formation of Mu-dopant atom complex states. The rater 01

A is for the intrasite promotion
of MuBC associated with acceptors, andr 02

D for that of MuT or Mun associated with donors.

Sample Transition/cycle Parameter Rate (3106 s21)
p15 37 K 100 K 280 K

ne1 n 0.0 0.0 0.9
ne1.r 01

A n* 1.3 2–10 0.85

MuBC
1/0→Mu81 k8 0.33 0.0 0.13

n15 12 K 150 K 290 K

r 02
D ( f P) nT 3.0 6.5 7.5

nT1nh1 andnh2 nT* 6.0 5.4 18
MuT

0/2→MuT
2 kT ;10 ;13 2.5

MuBC
0 /Mun

2→MuT
2 kBC 0.0 0.25 0.72

r 02
D ~delayed! nn 6.5 11

nn1nh1 nn* 6.5 26

MuT
0/2→Mu82 k8 0.5 0.72 0.13
4-6
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tional to the field intensityB. This motion prevents low-
energy positrons from reaching the counters, so that
positron counts are given by

N0
6~B!}E

Emin(B)

Emax
r6~E!dE, ~32!

where Emin(B) is the threshold energy. This leads toa(B)
5N0

2(B)/N0
1(B) which is thus field dependent in rather

complicated way. In the present work the calibration data
a(B) were obtained using an aluminum plate of simi
shape and stopping density to the Si specimens. Because
small degree of inaccuracy in reproducing the geometr
conditions in successive experiments, an offset valuea0 was
necessary; each series of LF data was then fitted using
formula a8(B)[a(B)2a0, wherea0, the zero-field value,
was determined by matching it toaTF8 , the quantity extracted
from amSR spectrum obtained under a weak transverse fi
(.20 G) and otherwise identical conditions,

a8~0!.aTF8 5a~0!2a0 . ~33!

We note that this calibration procedure fora(B) was quite
satisfactory to obtain reasonable values for the asymm
A(t) under different external fields.

V. RESULTS AND DISCUSSION

As mentioned earlier, our measurements were mostly c
cerned with the detailed variation pattern of the muon po
ization and its relaxation as functions of the magnetic fie
with the aim of resolving the various muonium stat
through their field-dependent LF-mSR spectra. As a compro
mise, the variation in the temperature is rather limited; ba
on the results of resonance experiments,8 we chose to take
data at 37 K, 100 K, and 280 K in the p15 sample, and at
K, 50 K, 150 K, and 290 K in the n15 sample. These poi
represent three regions of temperature across which
charge/spin dynamics undergoes a major change as indic
by the difference of final-state population in both sampl
namely, ~1! below ;50 K ~‘‘low-temperature region’’!, ~2!
50–200 K ~‘‘intermediate temperature region’’!, and ~3!
above ;200 K ~‘‘high-temperature region’’!. We will dis-
cuss the microscopic model of the charge/spin dynamics
each temperature region based on those representative
The physical parameters determined in each temperatur
gion are listed in Tables III and IV, where the values gen
ally have relative uncertainty of about 10%.

A. The p-type samples

1. Low-temperature region„Ë50 K…

The LF-mSR time spectra in the p15 sample at 37 K a
shown in Fig. 3 for the cases with and without photoexci
tion ~‘‘light 5on/off’’ !. The field direction was parallel with
the @110# axis ~see Fig. 2!. Upon photoexcitation, an
asymptotic component@denoted byAt5`* 5A0Pz(`) in Fig.
3# is revealed to exist at this temperature, indicating the p
ence of a diamagnetic final state which does not interact w
carriers. No such component was observed in intrinsic S11
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Figure 4 summarizes the field dependence of the ini
asymmetry @At505A0Pz(0), common for light5on/off#
At5`* and the spin-relaxation ratel* under photoexcitation.
Assuming that the initial polarization is a sum over all po
sible muonium states, we have

At505A0@ f TPT~B!1 f BCPBC~B!1 f 6#, ~34!

where f T , f BC, and f 6 are the fractional yields for MuT
0 ,

MuBC
0 , and Mu6, respectively. Fitting of the data in Fig. 4 t

Eq. ~34! yields values forf a shown in Table III~with result-
ing At50 shown by the solid curve!, which is similar to that
in intrinsic Si. ~No significant change was reported belo
this temperature in earlier studies.! The small dips inAt50
are due to slight misalignment of the sample against the
ternal field.

The component showing photoinduced spin relaxat
~with a ratel* ) exhibits features characteristic of a rela
ation process involving MuBC

0 ; namely, the clear maxima
predicted by Eq.~13! for lBC(B) are seen in Fig. 4~b!. More
specifically, the peak in the relaxation rate is given by E
~11! with an equally weighted combination of (cos2u,sin2u)
5(0,1) and (2/3,1/3) forBi@110#, yielding Bp50.3415 T
and 0.1552 T corresponding to the two maxima in Fig. 4~b!.
This also indicates that the exchange rate is much slo

FIG. 3. mSR time spectra under a longitudinal field in p1
sample at 37 K, where an asymptotic signal is observed under
toexcitation~‘‘light 5on’’ !.
4-7



is

e
h
-

th
w

oc
s

r
nt

ve,

si-

ced
,
av-

ses
he
ita-
de-
ma-

Th

ha

-
e

K.

R. KADONO, R. M. MACRAE, AND K. NAGAMINE PHYSICAL REVIEW B 68, 245204 ~2003!
than the hyperfine parameter of MuBC
0 , which is consistent

with the value obtained for the exchange rate,n* .1.3
3106 s21. ~In the opposite limit, the peak structure
smeared out.! However, despite its large initial population
(;40%), no trace of the MuT

0 center is observed either in th
spin relaxation or in the asymptotic component. We note t
the field dependence ofl* is entirely accounted for assum
ing a charge/spin-exchange process with MuBC

0 as the inter-
mediate paramagnetic state. Moreover, provided that
MuT

0 state remains intact in the asymptotic component,
expect

At5`* 5A0F f TPT~B!1 f BCPBC~B!
k8

l* 1k8
1 f 6G , ~35!

wherek8 is the transition rate for MuBC
0 to the final nonre-

laxing state in the kinetic model described by Eq.~14!. The
notation marked with a prime refers to the parameter ass
ated with the unknown final state, which we tentatively a
sign to a diamagnetic state labeled Mu81. The true characte
of Mu81 will be discussed later in view of the Mu-dopa

FIG. 4. Longitudinal field dependence of~a! the initial asymme-
try (At50) and asymptotic component (At5`* ), and ~b! the spin-
relaxation rate under photoexcitation, in p15 sample at 37 K.
solid curves in~a! are obtained by fitting to Eqs.~34! and ~36!,
while the dashed curve is calculated forAt5`* using Eq.~35! assum-
ing that MuT

0 remains unchanged under photoexcitation and t
k850. ~The agreement becomes worse fork8.0.! The solid curve
in ~b! is obtained using Eq.~13!. All the solid curves were calcu
lated assuming that the@110# axis makes an angle of 5° with th
longitudinal field axis.
24520
at

e
e
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atom interactions. As shown in Fig. 4 by the dashed cur
the observed field dependence ofAt5`* is quite different from
the above prediction regardless ofk8. On the other hand, if
the transition from MuT

0 to MuBC
0 is presumed to occur within

a short time, one would expect

At5`* 5A0F ~ f T1 f BC!PBC~B!
k8

l* 1k8
1 f 6G , ~36!

which is in good agreement with the data withk8.0.33
3106 s21. Since the rate of the thermally activated tran
tion from MuT

0 to MuBC
0 described byt00 is negligible at 37

K, this observation leads us to conclude that a photoindu
transition from MuT

0 to MuBC
0 via the hole capture process

Eq. ~22!, occurs at this temperature. This is the same beh
ior as found in the case of intrinsic Si,11 although the transi-
tion is not instantaneous in the p15 sample.

2. Intermediate temperature region„50–200 K…

The spin-relaxation rate under photoexcitation increa
when the temperature is elevated from 37 K to 100 K. T
asymptotic component observed at 37 K upon photoexc
tion disappears at this temperature. The magnetic-field
pendence of the asymmetry and relaxation rate are sum
rized in Fig. 5 with deduced values off a in Table III.

e

t

FIG. 5. Longitudinal field dependence of~a! the initial asymme-
try (At50) and asymptotic component (At5`* ), and ~b! the spin-
relaxation rate under photoexcitation, in the p15 sample at 100
The solid curve in~a! is obtained from fitting to Eq.~34!, while
those in ~b! are obtained usinglBC(B) @Eq. ~13!#. All the solid
curves were calculated assuming that the@110# axis deviates from
the LF direction by 5°.
4-8
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Although the origin of the two components in the relaxati
rate is unknown at this stage, the field dependence is
described bylBC(B) @Eq. ~13!# in both cases withn* .2
3106 s21 and .107 s21 for the respective components.
has in common with the result at 37 K that the initial MuT

0

state plays no role in the spin/charge-exchange process u
photoexcitation. Considering that the initial muonium par
tion between MuT

0 and MuBC
0 is almost equal, it is plausible

that one of the spin-relaxation rates is controlled by the r
for the hole capture process, MuT

01h1→MuBC
1 .

The increase of the photoinduced relaxation rate w
temperature clearly indicates that, despite the strong effe
photoexcitation, the charge-exchange cycle is controlled b
thermally activated intrasite promotion process at the BC
with a rater 01

A . We find thatn* .r 01
A .1.33106 s21 at 37

K which increases to.107 s21 at 100 K. Assuming that

r 01
A 5r01

A e2E01
A /kT, ~37!

one obtainsr01
A .3.43107 s21 and E01

A .0.011 eV from
these two points, values far smaller than those obtained
the ionization process of MuBC

0 . Although these values ar
quoted only as qualitative references, the further assump
of an additional rate componentr̄ 01* induced by photoexci-
tation, so that

r 01
A 5 r̄ 01* 1r 01 , ~38!

turns out to be incapable of accounting for the observed
at 100 K as long as one assumes a constant value forr̄ 01* and
that MuBC

0 →MuBC
1 1e2 is the intrasite promotion proces

These analyses lead us to speculate the presence of a th
process involving boron acceptor centers,

MuBC
0 1B0→MuBC

1 1B2, ~39!

having a small activation energy. It is interesting to note t
a similar process has been postulated in Ref. 8 with MT

0

~instead of MuBC
0 ) as the initial state. This is in marked con

trast with the case of the n15 sample, where no such pro
is observed over this temperature range.

3. High-temperature region„Ì200 K…

In contrast to the above low-temperature cases, the
ization rate of MuBC

0 by thermal activation is greatly en
hanced at ambient temperature (53.43109 s21 at 280 K!.
As indicated by the result in intrinsic Si, the charge-exchan
cycle is then controlled by the thermally activated proc
MuT

0→MuBC
0 @Eq. ~18!# with a rate given byt00. Note that

the rate is quite sensitive to the temperature over this t
perature range due to the large activation enthalpy (H00
50.38 eV).9 The LF-mSR time spectra at 280 K exhibit
large asymptotic nonrelaxing component as those below
K. The magnetic-field dependence of the relevant parame
is summarized in Fig. 6.

As shown in Table III, a significant increase off 6 ~in
place of f BC) over lower temperatures is observed. This
readily attributed to MuBC

1 given the large ionization rate o
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MuBC
0 at this temperature. The field dependence ofl* is now

much better described by a weighted average oflT(B) and
lBC(B) @Eqs. ~9! and ~13!# with the exchange raten*
.0.853106 s21. The strong field dependence is primari
characteristic oflT(B), indicating that the primary interme
diate paramagnetic state is MuT

0 . This is in marked contras
with the case at lower temperatures. The exchange rate
excellent agreement with the predictedt00, supporting the
scenario that Eq.~18! (MuT

0→MuBC
0 ) is the controlling pro-

cess in the charge-exchange cycle.
Assuming that all of the MuT

0 and MuBC
1 present is in-

volved in the charge-exchange cycle~‘‘cycle e2’’ in Sec. III!,
the kinetic model to describe the transition to the seco
unknown stationary~nonrelaxing! state Mu81predicts that

At5`* 5A0F ~ f T1 f 6!PT~B!
k8

l* 1k8
1 f BCPBC~B!G ,

~40!

which is in good agreement with the data ifk8.1.25
3105 s21. The values of the relevant kinetic parameters
summarized in Table IV.

FIG. 6. Longitudinal field dependence of~a! the initial asymme-
try (At50) and asymptotic component (At5`* ), and ~b! the spin-
relaxation rate under photoexcitation, in p15 sample at 280 K.
solid curves in~a! are obtained by fitting to Eqs.~34! and ~40!,
while that in~b! is obtained using a weighted average oflT(B) and
lBC(B). All the solid curves were calculated assuming that t
@110# axis deviates from the LF direction by 5°.
4-9
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4. Asymptotic component under photoexcitation:
Evidence for Mu passivation

The revelation of a nonrelaxing componentAt5`* under
photoexcitation is one of the most important findings of o
present result. The fact that this component is not involve
the charge-exchange cycle indicates that the state is
MuBC

1 or MuBC
0 in the ordinary sense. This point is furthe

supported by the observation that the temperature de
dence ofAt5`* shown in Fig. 7 is very different from that o
the fractional yield for the delayed diamagnetic state
tained using muon resonance measurements in a sample
responding to p15~which shows a steplike increase abo
about 50 K and remains more or less constant between 10
and 300 K!.8 As we show below, we found a similar compo
nent in our n15 sample, and this type of component is a
found inn-type Ge.13 Considering that this nonrelaxing com
ponent is observed only in these impurity-doped samples
most probable situation is that the state is related to the d
ant atoms. As mentioned earlier, we obtainedk8.0.33
3106 s21 for the rate of transition to the final stationa
state at 37 K. It should be noted that this rate is considera
smaller thanr 01

A (.1.33106 s21 at 37 K!, and so this pro-
cess cannot be the controlling process of the cha
exchange cycle. The same must be true at 280 K, wherek8 is
again much smaller than the exchange raten* (.t00). Thus,
we conclude that the process yielding Mu81is different from
the intrasite promotion process at the BC site@Eq. ~39!#.

The fact that the asymptotic component is observed a
K and 280 K but not around 100 K, as seen from Fig.
suggests a microscopic model which involves a diffusio
limited process of interaction between Mu and the dop
impurities, namely,

MuT
01B0→MuBC

1 1B2. ~41!

Note that the initial muonium state is different from that
Eq. ~39!. The irreversible character of the process sugge
that the actual entity of Mu81is a Mu-B complex state, MuBC

1

B2. It is well established that the diffusion rateDm of MuT
0

FIG. 7. Temperature dependence of the asymptotic compo
under photoexcitation,At5`* , in p15 sample at 0.2 T. This quantit
is proportional tok8/(l* 1k8), wherek8 is the transition rate to
the final nonrelaxing state.
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indeed exhibits such a temperature dependence in G
~Refs. 23 and 24! as well as in alkali halides.25–27The mini-
mum of Dm(T) occurs at the crossover temperatureT.T0
between coherent quantum tunneling (Dm}T2b, T!T0) and
phonon-assisted tunneling (Dm}e2Ea /kT, T@T0), whereb
is a positive constant (;3 in these crystals! and Ea is the
thermal activation energy, which is on the order of 103 K.
Consequently, the diffusion rate of MuT

0 in GaAs at 30 K, for
example, is comparable to that at 200 K whereDm.5
31027 cm2 s21. It is interesting to note that a similar situa
tion has been suggested to pertain in Si, with a much hig
diffusion rate.3 According to an analysis of interaction be
tween MuT

0 and doped impurities based on a simp
diffusion-limited trapping model, Dm is greater than
1024 cm2 s21 around 20 K in Si. Provided that the direc
MuT

0-acceptor interaction is described by the same kine
model, one would expect the rate of direct interaction to

nA.4pDmCAr A.1012–133r A~cm! s21, ~42!

whereCA.1015–16 cm23 is the acceptor concentration of th
p15 sample andr A is the effective range of the MuT

0-acceptor
interaction. Thus, depending upon the magnitude ofr A , it
may be that MuT

0 tends to aggregate near the acceptor cen
within a time scale shorter than that of photoinduced conv
sion from MuT

0 to MuBC
0 . Then, a possible scenario is that th

MuBC
0 centers formed later upon photoexcitation also tend

aggregate near the acceptor centers, with a subsequent
kinetic process of MuBC

0 -acceptor complex formation fo
which the rate is determined byk8. While such a process
may be unlikely for hydrogen at low temperatures due to
smaller influence of quantum effects on the diffusion kin
ics, it is certainly likely to be the case for both muonium a
hydrogen centers at higher temperatures (.T0) where the
diffusion rate is controlled by thermal activation.

B. The n-type samples

1. Low-temperature region„Ë50 K…

The behavior of muonium centers inn-type Si is mark-
edly different from that in intrinsic andp-type Si in the sense
that MuBC

0 plays virtually no role as an intermediate par
magnetic state in the spin/charge dynamics. The absenc
charge dynamics for MuBC at low temperatures (,150 K) is
not surprising, considering that the rate for the promot
process, MuBC

0 →MuBC
1 1e2 ~given by r 01), is negligibly

small due to the large activation energy (E01.0.21 eV).
The position of the Fermi level is close to the bottom of t
conduction band at low temperatures, which is also unfav
able for ionization. However, while about 25% of implante
muons form MuBC

0 centers at higher temperatures, there is
sign of a cyclee1 process (MuBC

0 ↔MuBC
1 1e2) going on

under photoexcitation. This is similar to the situation in i
trinsic andp-type Si at ambient temperature, where cyclee2
(MuT

0→MuBC
1 1e2→MuT

0→•••) dominates the proces
while the lifetime of the MuBC

0 state is too short to involve i
significantly. Moreover, the present data inn-type Si suggest
that there must be a process other than Eq.~18! (MuBC

0

nt
4-10
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→MuT
0) to bridge between MuT and MuBC which underlies

the fast spin/charge-exchange reaction at high temperatu
Figure 8 shows some examples of the LF-mSR time spec-

tra at 12 K. In contrast to p15 sample, one can clearly id
tify two components with different relaxation rates in th
absence of photoexcitation~‘‘light 5off’’ !. There is a rapidly
depolarizing component (l f.107 s21) with a relative yield
f P.0.2. The spectra under photoexcitation indicate that
component with slow relaxation actually consists of two su
components, one susceptible to the photoexcitation and
other with the relaxation rate unaffected. The magnetic-fi
dependences of the partial asymmetry components~defined
in Fig. 8! and the corresponding relaxation rates are show
Fig. 9. The total initial asymmetryAt50 is reproduced by Eq
~34! with the values off a in Table III ~and the resultingAt50

is shown by the uppermost solid curve!.
The component subject to the photoinduced spin re

ation exhibits the field dependence of a diamagnetic s
~attributed to MuT

2) quickly converted from the precurso
MuT

0 with fast spin relaxation, where the initial asymmet
for MuT

2 is typically described byGT(t,B) @Eqs. ~14! and
~17!#, i.e.,

FIG. 8. mSR time spectra under a longitudinal field in the n
sample at 12 K. There is a slowly relaxing component whose re
ation rate remains intact upon photoexcitation while the amplit
is reduced, indicating that there are two subcomponents, one
ceptible to photoexcitation and one not, denoted byAt50

D andAt50
S ,

respectively.
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At50
D 5A0f TGT~l f t@1,B!

5A0f TPT~B!
kT

l f1kT

5A0f T

1

2
1x2

11nT /kT1x2
, ~43!

l f.
nT

2~11x2!
1kT ~44!

with nT and kT being the spin/charge-exchange rate of t
precursor state and the conversion rate to the diamagn
state, respectively. Note that there is no such process in
p15 sample. Fitting of the data to the above equation yie
nT.33106 s21, nT /kT.0.25, andf T.0.43, the last value
slightly larger than that obtained from the analysis of t
total initial asymmetryAt50. The difference implies that the
fast relaxing component (f P) is composed of the precurso
MuT

0 (;0.03) together with another paramagnetic st
(; f P20.0350.17) which appears nearly diamagnetic d
to fast spin/charge exchange. As seen in Fig. 9, the relaxa
rate of this component (l f) is almost independent of th
magnetic field, indicating that the rate is primarily dete

x-
e
us-

FIG. 9. Partial asymmetry~a! and spin-relaxation rate~b! vs
applied longitudinal field in n15 sample at 12 K. The compone
are defined in Fig. 8. The solid curves are the results of curve fit
using the model described in the text.
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mined by a kinetic parameter. This is consistent with
above interpretation for the MuT

0 precursor, i.e.,nT/2(1
1x2)!kT so thatl f;kT . The situation would be the sam
for the rest of the fast relaxing component except that
exchange rate may be much higher thannT .

Since the thermal carrier concentration is nearly zero
12 K, the extracted conversion ratekT (.107 s21) may be
attributed to direct interaction between MuT

0 and dopant P
atoms and/or the capture/release of transient carriers ge
ated upon muon implantation. The same would be true
the process giving rise tonT at this temperature (r 02.0 due
to the large activation energyE20.0.56 eV). In any case
the final diamagnetic state is presumed to be MuT

2 because it
has the lowest formation energy inn-type Si. Thus, the rate
kT describes the ‘‘thermalization’’ of implanted muons via
channel

MuT
01e2→MuT

2 ~epithermal!, ~45!

and/or

MuT
01P→MuT

21P1 ~ thermal!. ~46!

The field dependence of the spin-relaxation rate un
photoexcitation,ld* , is qualitatively consistent with a spin
charge-exchange cycle with MuT

0 as the intermediate para
magnetic state. This supports the view that the cha
exchange cycle between MuT

0 and MuT
2 is the dominant

process under photoexcitation. More specifically, we fou
that

ld* 5
nT*

2~11x2!
1k8, ~47!

with nT* .6.03106 s21 and the residual ratek8;0.5
3106 s21. The result of simplified curve fitting withk8 set
to zero is shown in Fig. 9~b! by a solid curve. No clear
asymptotic component associated with the transitionk8
could be observed in the time spectra probably due
nT* /k8@1. Although the origin of the finitek8 is not clear at
this stage, it suggests the presence of a slow kinetic pro
towards the equilibrium state.

It should be noted that the increasenT* 2nT can be attrib-
uted to the cycleh1 via successive capture of photoexcit
electrons and holes. Assuming that the cross section for
capture at theTd site is close to that for electron captu
(s̄205s02.1310215 cm22), we have

nT* 2nT5
r̄ 20* r 02*

r̄ 20* 1r 02*
.

r̄ 20*

2
5

1

2
s̄20vh* nh;33106 s21,

~48!

where vh* 5A3kBT* /me is the hole velocity related to th
effective temperatureT* under photoexcitation. Since w
havenh.131015 cm23 under photoexcitation, it leads to
crude estimation thatvh* ;63106 cm/s orT* ;300 K.

A corresponding analysis of the residual component un
photoexcitation (At50

S ) indicates that it is composed of MuBC
0

and a part of the nonrelaxing diamagnetic state with the fr
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tional yield f 6.0.1. However, the origin of the slow relax
ation observed for MuBC

0 ~irrespective of photoexcitation!
seems not to be trivial. We have found that the field dep
dence of the relaxation ratels is reproduced by none of th
patterns expected for the known muonium states in Si. S
prisingly, it does not exhibit any enhancement around 0.
~or 0.35 T associated with some putative misalignment! char-
acteristic of the spin/charge-exchange processes of MBC

0

~see Fig. 4!. On the contrary, it is rather well described by th
behavior predicted for anisotropic muoniumlike entity hav-
ing a small hyperfine parametervn ,

ls5
nn

2~11xn
2!

, ~49!

where nn (5nn* ) is the spin/charge-exchange rate andxn

52G1B/vn . Curve fitting using the above relation yield
nn.6.53106 s21 andvn.2p3420 MHz, where the latter
is far smaller than the known value ofv0 for MuT

0 (52p
32006.3 MHz). Tentatively, we suppose that this uniden
fied isotropic center ‘‘Mun

0’’ represents the effective dynami
cally averaged behavior of MuBC

0 .

2. Intermediate temperature region„50– 200 K…

The LF-mSR time spectra are qualitatively similar b
tween 12 K and 150 K, allowing us to use the same pro
dure to analyze all spectra obtained over this range as
used for the 12-K data. One additional feature is that ther
a shift of asymmetry fromAt50

D to At50
S at higher magnetic

fields. We found that a kinetic model involving slow trans
tion from MuBC

0 to MuT
2 gives a satisfactory description o

the data, i.e.,

At50
D 5A0F f T

1

2
1x2

11nT /kT1x2
1 f BCPBC~B!

kBC

ls
01kBC

G ,

~50!

and

At50
S 5A0F f BCPBC~B!

ls
0

ls
01kBC

1 f 6G , ~51!

ls5ls
01kBC5

nn

2~11xn
2!

1kBC, ~52!

wherekBC is the transition rate andls
0 is the spin-relaxation

rate of the initial MuBC
0 state which is presumed to follow Eq

~49!. Note that the model used for the data at 12 K is o
tained by settingkBC to zero. Curve fitting using the abov
equations leads to the results shown in Table IV; the fit
parameters indicate a slight increase innT and nn as com-
pared to 12 K.

Because of the complicated kinetic processes with diff
ent time scales involved in the spin dynamics, it is difficult
give a clear interpretation of the field dependence of the s
4-12



s
s

i
m

n

K
e
ha
ril

ra

er
nc

f
tio
pi
f

50
e
om
of

se
a

es

d

io

as

itial

de-

the
of
st
m
l

-

fi-
are

CHARGE DYNAMICS OF MUONIUM CENTERS IN Si . . . PHYSICAL REVIEW B 68, 245204 ~2003!
relaxation rate under photoexcitation. For simplicity we a
sume that the relaxation rate is the sum of all contribution
work, so that we have

ld* .
nT*

2~11x2!
1

nn*

2~11xn
2!

1k8. ~53!

As a matter of fact, we would fail to reproduce the data
we were to assume that the second term in the above for
absent. Curve fitting yieldsnT* .5.43106 s21, nn* .2.6
3107 s21, andk8.7.23105 s21 ~which includes a contri-
bution fromkBC). The value fork8 indicates that there is a
gradual flow to the secondary diamagnetic state which is
affected by photoexcitation.

The effects of raising the temperature from 12 K to 150
are summarized as follows. The fast relaxing compon
( f P) is almost independent of temperature, indicating t
the dynamical behavior of the precursor state is prima
determined by an epithermal relaxation~thermalization! pro-
cess involving transient carriers. On the other hand, the f
tional yield of nonrelaxing component (f 6) increases from
0.12~12 K! to 0.17~150 K! at the expense of MuT

0 . Since an
epithermal relaxation process would not depend on temp
ture, the increase in this component may be due to enha
direct interaction of muonium with dopant atoms@e.g., Eq.
~46!#. Moreover, a slow transition from MuBC

0 to MuT
2 ~with

a ratekBC.0.253106 s21) is activated, with the result o
increasing the diamagnetic component. The spin relaxa
of MuBC

0 , which seems to behave as if it were an isotro
Mun center, is enhanced as indicated by the increase onn
from 6.5 MHz ~12 K! to 11 MHz ~150 K!. While the ex-
change process upon photoexcitation involving MuT

0 is un-
changed~i.e., nT* is about the same between 12 K and 1
K!, a process involving the Mun center sets in to enhance th
spin-relaxation rate under photoexcitation, as inferred fr
the large value ofnn* . Thus, the predominant channel
exchange is between Mun and MuT

2 at this temperature,

Mun
01P→MuT

21P1. ~54!

Considering that the thermal activation of MuT
2 to MuT

0

1e2 is negligibly small below 150 K, the observed increa
in nT , nn , andnn* strongly supports the presence of such
intrasite promotion process by a rater 02

D with small activa-
tion energy close to that for donors. The value ofr 02

D is
on the same order of magnitude as these exchange rat
150 K.

3. High-temperature region„Ì200 K…

Compared with those at 12 K and 150 K, themSR time
spectra at ambient temperature (.290 K) are qualitatively
different in the sense that the slow relaxation is quenche
leave a nonrelaxing asymptotic component (ls50). More-
over, the diamagnetic component with fast spin relaxat
completely disappears at this temperature (f P50); the fast
relaxation is entirely from MuT

0 states~see below!. This be-
24520
-
at

f
is

ot

nt
t

y

c-

a-
ed

n
c

n

at

to

n

havior is rather close to that inp-type Si at 37 K and at 280
K, suggesting that the situation is similar to or the same
that pertaining in these cases.

Figure 10 summarizes the field dependences of the in
asymmetry@At505A0Pz(0), common for light5on/off#, the
asymptotic asymmetriesAt5` , At5`* , and the spin-
relaxation rates with (l* ) and without (l) photoexcitation.
The initial partition among the three muonium states is
duced to be (f T , f BC, f 6)5(0.65,0.25,0.1)~yielding the re-
sulting overallAt50 shown by the solid curve!. Sincef BC is
virtually unchanged throughout this temperature scan,
change inf T must mainly be attributed to the recovery
initial MuT

0 fraction from the diamagnetic state showing fa
spin relaxation at 150 K. Instead of a slow transition fro
MuBC

0 to MuT
2 at 150 K, we now find that a kinetic mode

with fast conversion of MuBC
0 to MuT gives the most satis

factory description of the data, i.e.,

At5`.A0
F ~ f T1 f BC!

1

2
1x2

11nT /k81x2
1 f 6

G , ~55!

l f5
nT

2~11x2!
1kT ~56!

and

FIG. 10. Partial asymmetries~a! and spin-relaxation rates~b! vs
applied longitudinal field in n15 sample at 290 K, where the de
nition of each component is given in the text. The solid curves
the result of curve fitting using the model described in the text.
4-13
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At5`* 5A0F ~ f T1 f BC!

1

2
1x2

11nT* /k81x2
1 f 6

G , ~57!

ld* 5
nT*

2~11x2!
1k8. ~58!

These terms are functionally similar to those presum
valid at 150 K, with At5` corresponding toAD1AS and
At5`* to AS. The main difference is that there is no such st
as Mun at this temperature; rather, all paramagnetic sta
behave as if they were MuT

0 centers. Here, the suggeste
situation that the ratiokBC/ls

0@1 in Eq. ~50! is in line with
the large transition ratet02 for Eq. ~20!,

MuBC
0 1e2→MuT

2 ,

where the parameter values in Ref. 9 yieldt02.108 s21 at
290 K. This in turn strongly suggests that the Mun center is a
precursor of MuT

0 . The results of curve fitting in Fig. 10
using the above equations are shown in Table IV.

In the case of the p15 sample, the Fermi level is alw
below the gap center and hence a channel for the promo
of MuBC

0 to MuBC
1 is available to the charge-exchange cyc

at any temperature. The bottleneck in the MuBC
1 channel

~cycle e2), the predominant process at ambient tempera
in the p15 sample, is the rate of the thermally activated tr
sition from MuT

0 to MuBC
0 @Eq. ~18!, with a ratet00]. On the

other hand, in the n15 sample, the thermal activation
MuBC

0 to MuBC
1 is unavailable at lower temperatures due

the position of the Fermi level, leaving for MuT
2 only via the

cycle h1 involving hole capture.
The increase innT* at 290 K indicates that the exchang

cycle is enhanced by a thermally activated process. One
sibility is that cyclee2 ~which is predominant in the p15
sample at ambient temperature! may dominate the exchang
process. Unfortunately, the rate of the bottleneck reac
@Eq. ~19!#, t10, is estimated to be about 1.33105 s21 at 290
K, which is too small to explain the value ofnT* at this
temperature. Thus, alternative channel~s! of transition from
the Td to the BC site must be presumed to exist in order
explain the fast exchange interaction via the MuBC

1 state in
the n15 sample. Taking account of the present observa
that MuT

0 is the dominant paramagnetic state in the excha
cycle, we postulate a fourth process~which we term cycle
h2),

MuT
21h1→MuT

0→MuBC
0 , MuBC

0 1e2→MuT
2→•••.

We stress that the importance of holes inn-type Si has al-
ready been demonstrated in our earlier report on a stro
n-type sample.12 Then, considering thatt02@ r̄ 20 , t00 in ne2,
we have

nT.
r̄ 20t00

r̄ 201t00

1r 02
D ;r 02

D .7.53106 s21 ~59!
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in the dark specimen~where r̄ 20.0), and

nT* .
r̄ 20* t00

r̄ 20* 1t00

1nh1* 1r 02
D .t001nh1* 1r 02

D .1.83107 s21

~60!

under photoexcitation (r̄ 20* @t00), where r 02
D is the rate of

other processes including incoherent electron/hole cap
processes and direct Mu-donor interactions~see Table IV!.
Further assumption that

nh1* .nT* ~12 K!2nT~12 K!.3.53106 s21 ~61!

leads to a crude estimate oft00;13107 s21 at ambient tem-
perature. This is in reasonable agreement with predicti
based on the reported parameter values in the literature.8,9

4. Asymptotic component under photoexcitation:
Evidence for Mu passivation

The field dependences ofld* andAt5`* at 290 K indicate
that there is a slow process leading to the formation o
secondary diamagnetic state which is not susceptible to p
toexcitation. It is interesting to note that the rate of this tra
sition, k8, turns out to have almost the same value as
comparable transition in the p15 sample at 280 K. T
agreement is a good piece of supporting evidence for
interpretation based on diffusion-controlled reaction of MT

0

centers with dopant atoms, given that both the diffusion r
of the MuT

0 centers and the dopant atom concentration
common to the two cases. The earlier report of a lar
asymptotic component (;90%) in more stronglyn-type
specimen (@Sb#;1018 cm23) also supports such a
scenario.12

The origin of the apparent difference in the amplitudes
the asymptotic components observed in p15 and n15 lie
the rate of spin/charge exchange under photoexcitation;n*
.8.53105 s21 in p15 whereasnT* .1.83107 s21. The in-
creased value ofnT* at 290 K @compared to;(5 –6)
3106 s21 below 150 K# indicates that the exchange cycle
controlled by a thermally activated process. Moreover,
shown in Fig. 11, the steplike increase in the amplitude s
ceptible to photoexcitation (At5`2At5`* ) indicates that, be-
sides promotion of the diffusion process at temperatu
above;200 K, there is an accompanying increase in so
diamagnetic component. Assuming that there is an electro
energy levelEm associated with the muonium state in th
energy gap, Eq.~5! provides the probability that the muo
nium state in the n15 sample is electrically neutral,

p05F11
1

g
expS Em2EF

kT D G21

, ~62!

where Em is measured from the bottom of the conducti
band. Curve fitting of the data in Fig. 11 using the abo
equation assumingAt5`2At5`* }12p0 ~with g52) yields
Em50.21(1) eV. The value is surprisingly close to that f
E01 @50.21(1) eV#, suggesting the possibility that the in
crease in the asymptotic component above 200 K is ma
due to the charge state promotion of MuBC

0 to MuBC
1 , whereas
4-14
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it is controlled by the Mu-dopant interaction below 200
This is also consistent with the observation that the proc
involving MuBC

0 , MuBC
0 1e2→MuT

2 , seems to set in abov
200 K.

VI. SUMMARY AND CONCLUSIONS

It is known from annealing experiments using the mu
spin-resonance technique (RF-mSR) that delayed formation
of diamagnetic muon states (Mu6) occurs in Si upon muon
implantation.8,9 Earlier work using RF-mSR combined with
illumination has shown that photoexcitation has a strong
fect on the spin dynamics of implanted muons in Si/Ge10

While continuous effort has been devoted to studies of
kind using the time-integrated techniques,28,29 we have
shown that time-differentialmSR technique may in fact be
more useful approach for the detailed investigation of sl
dynamics under photoexcitation.11 In general one need
delayed-resonance techniques~where the RF pulse is irradi
ated some time after the initial spin relaxation! to distinguish
between the initial spin relaxation and that in the final st
only by RF-mSR. In the present work, we have shown usi
this time-differentialmSR technique that there is a seconda
diamagnetic state (Mu86) which remains intact under pho
toexcitation in bothp-type andn-type Si. We have already
reported a similar result forn-type Ge.13 As typified by the
p15 sample, the development of this electrically inact
state is well described by a two-state model with a transit
rate k8.105 –6 s21. The kinetic parameters including othe
fast transitions referred in the text are summarized in Ta
IV.

The overall muonium dynamics in the p15 sample is w
accounted for by consideration of a simple two-state mo
with slow conversion from a MuBC

0 precursor~undergoing
spin/charge-exchange reactions under photoexcitation! to
Mu86. Besides this, detailed analysis indicates that th
must be a fast transition from initial MuT

0 to the precursor
MuBC

0 state upon photoexcitation via hole capture at low te
peratures. Because of the absence of spin relaxation as
ated with this transition, it was not possible to deduce

FIG. 11. Temperature dependence of the LF-mSR asymmetry
susceptible to photoexcitation with LF50.2 T ~see text for the defi-
nition of At5` andAt5`* ). Solid curve is the result of fitting using
a model described in the text.
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value of the kinetic parameter (k8) associated with this pro
cess from the data using the two-state model. The local
namics of the spin/charge-exchange interaction is simila
that in intrinsic Si, where either cyclee1 ~at low tempera-
tures! or cyclee2 ~at ambient temperature! controls the pro-
cess.

Compared with the situation in the p15 sample, the m
nium dynamics in the n15 sample is far more complicat
There is a rapid dynamical process causing fast spin re
ation (.107 s21) which is marginally observable usin
present-day pulsed muon beam techniques. Detailed
analysis suggests that the process is controlled by rapid s
charge-exchange interaction of a paramagnetic precu
state with transient carriers and/or dopant atoms. This
exchange interaction, which is presumed to be quasiepit
mal, is terminated by a kinetic process forming a diama
netic state (MuT

2). The two-state model is demonstrated
be useful to describe the fast relaxation of MuT

0 to MuT
2 with

rate parameterkT . After rapid thermalization, a slow trans
tion from MuBC

0 to a diamagnetic state~presumably MuT
2) is

thermally activated with a ratekBC at 150 K. The photoin-
duced spin-relaxation behavior over this temperature ra
has revealed that MuT

0/2 must be serving as a recombinatio
center~cycle h1), supporting the conjecture that the defe
level associated with MuT

0/2 is located near midgap. Mean
while, it became clear that MuBC

0 exhibits a peculiar feature
in its spin dynamics at low temperatures, behaving as i
were an isotropic Mu center with small hyperfine parame
~here called Mun). Although the state seems to correspond
an effective average of the dynamics between MuBC

0 and MuT
0

as seems a reasonable conclusion from its changes a
with temperature, its true nature has yet to be clarified. F
tunately, this complication is removed at ambient tempe
ture where the ambiguous Mun state disappears. All the
MuBC

0 centers are quickly converted to either MuT
2 or MuBC

1 ,
followed by intersite transition with the MuT

0 state as the
intermediate paramagnetic state in the local spin/charge
namics~cycle h2). More interestingly, a small nonrelaxin
asymptotic component appears at higher magnetic fields
close parallel with the result in the p15 sample. Detai
analysis within the two-state model indicates that the rate
transition to the final nonrelaxing state (k8) is similar to that
in the p15 sample at ambient temperature, supporting
scenario that the kinetic process is controlled by
diffusion-limited reaction of Mu with the dopant atoms.

The inactivity of the slowly formed diamagnetic state u
der photoexcitation is convincing evidence that the def
level associated with this state is not located within the
ergy gap. If it is true that these muons are located close to
dopant atoms, the whole process may be interpreted
muonic analog of hydrogen passivation. The one reserva
to wholehearted embrace of this hypothesis is that, des
years of effort, there has been no direct evidence of a mu
dopant atom complex state in Si. For example, if a mu
boron complex is formed inp-type Si, it should be readily
observed by muon-nuclear level-crossing resonance.30 To our
knowledge, no such evidence has been reported to date
the single exception of a very weak signal purported to co
4-15
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from a muon-Al complex in Al-doped Si.31 However, this
situation may be understood by considering a fast local t
neling process around four equivalent orientations of
complex state. Another possibility is that muonium is ke
away from dopant atoms within the time scale ofmSR
(;ms) in the diffusion-limited reaction. According to an ea
lier study of interactions between Mu and impurity atoms
alkali halides,32 the strain field around the impurity atom
tends to intercept the tunneling diffusion of Mu towards t
impurity atom at low temperatures due to the influence of
gradient in site energies as the impurity is approached.
the other hand, the activation energy for Mu tends to
smaller than that for H in their respective bound states du
the former’s higher zero-point energy, and this may lead t
greater probability for Mu to be detrapped from impurities
higher temperatures. In any case, the electrostatic interac
can be long ranged~particularly at low temperatures wher
the screening carrier concentration is low!, allowing charge-
exchange interactions between muonium and dopant at
to occur.

In conclusion, we have demonstrated the delayed for
tion of electrically inactive muonium states in both types
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†Present address: Natural and Behavioral Sciences Departm
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