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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 hwtiipe 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 invol%gahm MuF’O. 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 impuritie§.e., muonium passivation
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. INTRODUCTION site (known as My).*® The latter, whose nontransient nature
on theuSR time scale has been puzzling in the light of the
Hydrogen isotopes including muoniugklu, an analog of  widespread theoretical recognition of Muas the ground
atomic hydrogen in which the proton is substituted by a posistate in the adiabatic potentfahas been recently identified
tive muor) are the simplest atomic defect centers conceiv-as a state quantum mechanically stabilized owing to its light
able in crystalline solids and have for that reason been atass’ The coexistence of Mt and My naturally leads to
tracting considerable and continued interest in solid-statseveral issues such as the origin of the bistability, the ener-
physics. In particular, since the revelation in the 1980s thagetics of these species including their charged states, and so
hydrogen, present often as an inadvertent impurity, interact@n. The combination of “annealing” studies and resonance
with deliberately introduced dopant atoms in semiconductorgn€thodology has proven useful in addressing these issues in
with drastic effects on their bulk electronic properties, thethe past:® Positive muons are implanted into the specimen
study of hydrogen isotopes and related complex defects ha¥th & typical energy of a few MeV in which range thle final
been a central topic in the field of semiconductor phykiés. State upon thermalizatiofwhich is reached within 10" s)
The study of muonium centers in semiconductors is'S presumed to be governed by statistical factors rather than

complementary to direct studies of conventional hydrogerjfhe detailed local electror_n.c environment. Thus, the system
starts off from a nonequilibrium stat@articularly at low

isotopes in many respects. First, it is virtually the only source . . ; S
of information on the electronic structure isblatedhydro- temperaturgsin the time window of#SR. This situation

gen isotopes, whereas much information on hydr _ allows us to obtain dynamical information on Mu simply by

| has b ted b . ¢ i t observing its alteration as a function of temperature. How-
plexeshas been generated by various spectroscopic tec ver, while this approach is the conventional one, one must

niques such as infrared absorption. Second,dB& (MUON  yaa) yith a certain complexity caused by the fact that various
spin relaxation technique has a natural time window deter- channels to the equilibrium state open simultaneously upon
mined by the muon lifetime«,=2.2 1s) and thus dynami-  temperature rise. This complexity can be partly resolved by
cal processes related to muonium centers correspond t0 thging photoexcitation to control the excess carrier density
early stage behavior of hydrogen isotopes directly upon theifyjependently of the lattice temperature. Because of the
implantation into the semiconductor matrices. Third, the &Xtelatively long lifetime of excess carriers in  Si
ceedingly light mass of Mugth of the proton magdeads to  (=10'-10 us), their population can be regarded as persis-
enhanced quantum-mechanical effects in the dynamicaknt during theuSR time window. Moreover, the combina-
properties of Mu such as diffusion as compared to heavietion of this technique with the use of heavily doped samples
hydrogen isotopes. Besides these points, it is further notevhere the density of majority carriers is governed solely by
worthy that information regarding muonium centers has rapthe dopant concentration provides a control experiment to
idly been accumulated on a wide variety of semiconductorglucidate the role of minority carriers involved in the dy-
whereas information on conventional hydrogen to date isiamical process under photoexcitation.
strongly concentrated on Si. The first attempt by Ztich group to observe the effect of

It is presently established that there are two distinct muoillumination on muonium center in Si yielded a negative re-
nium states inc-Si (as in other elemental and compound sult, presumably due to the limited light intensitfhe ex-
semiconductors with zinc-blende structyrene (known as  periment was performed using a continuous muon beam
Mugc) sitting at the Si-Si bond center and characterized by &ombined with a continuous light source, with sample heat-
highly anisotropic hyperfine structure, the other presumed bjng considerations setting a limit on the usable light intensity.
inference from its isotropic hyperfine structure to be atfthe This difficulty can be removed by the use of a pulsed light

0163-1829/2003/624)/24520417)/$20.00 68 245204-1 ©2003 The American Physical Society



R. KADONO, R. M. MACRAE, AND K. NAGAMINE PHYSICAL REVIEW B 68, 245204 (2003

source synchronized with a pulsed muon beam. Using suchexponentially with increasing temperature until it enters the
method, and employing the spin-resonance technique, th&aturation rangde.g., 150-500 K for P-doped )Sdeter-
Stuttgart group has successfully observed a change in thained by the density of donor atoms. This effect develops in
Mu™ resonance amplitude upon illuminatith.Unfortu-  parallel with the electron release process which has an acti-
nately, the resonance technique, in common with other timevation energy~E,, for Mu, making it difficult to distin-
integral techniques, is of limited utility for the study of tran- guish these two effects.

sient phenomena such as charge state transitions occurring The role of photoexcitation in this situation is to increase
during photoexcitation, and to this end a time-resolye®8R  the carrier density, to n} which leads to the increase of the
technique using a pulsed muon beam and light source haspture rate . to r* ;, without changing . . In the actual

been developetf. situation the process is cyclic with an exchange rate
In this paper we report on the muonium dynamics in

B-doped p-type) and P-doped r{-type) c-Si revealed by FosT 4o
time-resolvedu SR under photoexcitation. Earlier stages of Ve (4)
this study including work on intrinsic Sip-type Si, and or 70

ntype Ge can be found in several precedingwhere one would expect two different cases. That is to say,
publications'*~**In the following we model the role of pho- whenr . >r ., ,, the exchange rate is limited by the capture
toexcitation on the muonium dynamics and argue the advaryrocess and consequently a significant effect is expected
tage of the technique over the conventional annealingnon the increase of, to n% . On the other hand, little or no

_method. Then, a current model of Mu stateiBi is briefly effect of photoexcitation is anticipated for the case,
introduced to define some dynamical parameters which ar

; harg, ..
used to interpret the present result. The resultp-tgpe Si In the case of intrasite charge conversion, the temperature

are rglatively easy to undgrstand and are therefore pres.entagpendence of is controlled by the activation process irre-
first in the following section, followed by the results in ghective of photoexcitation. In particular, when the system is
n-type samples. in the equilibrium state, one can define the Fermi Idg|
which is determined by the density of donors/acceptors and
Il. METHODOLOGY the temperature. The probability for muonium to be neutral is
It is clear from annealing experiments that muonium cen-
ters form a deep donor level in the upper half of the energy 1+ Eexp( Eo+ —Er
band gap in St.When Mu" and M are the possible charge g
states(corresponding to Mgt), the processes of electron . o
release and capture associated with muonium center are d¢hereg is the ground-state degeneracy of the muonium im-

-1

Po= ) (5)

kT

scribed by the following two rate constants: purity level (which is presumed to be 2 to accept one elec-
tron with either spinandEg is measured from the bottom of
Mu’—Mut+e :rg, =posexp(—Eq. /KT) (releasg, the conduction band. This would mean that muonium is neu-

(1) tral in n-type Si only over a low-temperature region deter-
mined by the conditiorEy, —E<0 and is always posi-
Mu®+e —Mu%r o=0,9v.Ne (capture, (2) tively charged inp-type Si. However, as is shown later, the
fact is that a large fraction of implanted muons are found to
be neutral on an early time scale { «S) even in moderately
p-type samples, demonstrating that the implanted muons are
in a nonequilibrium state at low temperatures. Nevertheless,
process is activated by phonons and only minimally affecte he posif[ion_ of the Fer_mi Ie\_/el teII_s us whether_ or not charge
onversion is favored in a given situation, and it thus remains

by the carvier densny in the conducuon. band, v_vhereas th% useful device for interpretation of the observed phenomena.
capture process is governed by the carrier density. Here, we The presence of a cyclic charge-exchange process is de-

lc:iei)lge{r?;elyr;\:/gg t;icffhg{ ttee rrrrr;s ;:gh dzsscr'ﬁ)rgzat'fonce?stected through a longitudinal spin relaxation of muonium.
P P fhce the electrons are unpolarized, muon polarization is

+ + : :
suc(r; as MT hd t—>Mq ((jabpr?hceis lth? ratte O,f, which is partly lost upon muonium formation: e.g., for Mwenters
predominantly determined by the hole “capture” cross sec-, .. o longitudinal fields,

tion). In the true equilibrium state the carrier density in
n-type Si at low temperatures is approximately given by

where pg, is the attempt frequenc¥,. is the activation
enthalpy,o, o is the cross section for electron captureg,is
the Fermi velocity, and, is the electron density at the bot-
tom of the conduction band. The point is that the releas

1 2
5+X

P+(B) ©6)

2
Ne~ %(NDNC)Wexp( — Ep/2kT), @3) 1+x

2 wherex=2I" B/ wq with 2", =y, + ve, v, and vy, being
whereNp is the number of donor atombl is the effective  the respective muon and electron gyromagnetic ratios, and
density of states in the conduction band, dfglis the en- wy [=27X2006.3 MHz(Ref. 14] is the muonium hyper-
ergy of donor level measured from the bottom of the conducfine frequency. In the strong collision model for a Markovian
tion band. As shown by Ed3), the carrier density increases process where the muon spin loses its phase memory com-
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pletely at each exchange stéphose approximation is valid In addition to the cyclic charge/spin-exchange process,
for wy>v),*° the time evolution of the muon polarization is another important process which may occur is irreversible
described by transition to another charge state, independently of the ex-
change process. In actual cases we often encounter a situa-
tion where muonium undergoing an exchange process and its
associated spin relaxation slowly passes into a second sta-
tionary state with no spin relaxation. The time evolution of
the muon polarization in this situation can be described by a
two-state model. For example, when the initial state is one of
these muonium states and transition to a nonrelaxing dia-
magnetic state occurs at a rate we have

P,(t,B)=exp — vt)[ P, (B)+ Vfot[Pa(B)]Zdtl

t [t
+ VZJ;; fOZ[Pa(B)]3dt1dt2+ - ’

=P (B)exp(— vt) >,

=0

[P.(B)rt]"
n!

t
G,(t,B)= Pa(t,B)e*me P.(u,B)g(t—u)e “Udu
0

=P.(B)exp{—vt[1-P,(B)]}, (@)

wherea=T or BC. For My centers the polarization expres- A, st
sion becomes =P.(B) M—‘*‘Ke a4 Nt x| (14)
Pr(t,B)=Pr(x)exd —Nr(B)t], (8 whereq(t)=1 for the nonrelaxing final state. Two charac-
teristic features may be pointed out for Ed@4), namely(i)
v the net relaxation rate
A(B)=v[1-P+(B)] 9

2(1+x%) A, (B)=\,(B)+« (15)
showing that the spin-relaxation rate is itself dependent omas a field-independent term and thus does not quench
the applied field. While similar or identical results can becompletely at higher field, andi) there is an asymptotic
obtained by other approach¥s;'® the above formulas are component
useful for an intuitive understanding of the origin of field-
dependent relaxation. In particular, in the case ogMcen-
ters the muon polarization shows a complicated field depen-
dence; that is, whenB>|T'[,Q) we have

G, (#,B)= = P,(B) (16)

(B)+«k

which also depends on the applied field. In the case of @ Mu

LA (Qi—7.B)? (Q,+7.B)2 center converting to a diamagnetic state one obtains
——— ! # I 2
Pec(B)=3 2 T2+ (0 — 2 T2+ (04 2 .
i=1 i+( i 'y,uB) i+( I+7#B) S+x°
10 2
Gr(oe B)= ————, 17
Q= 3(0|CoS 6+ w, Sit6,), L
Fi:%(wH_wL)Sin 6,cosd; , while Ggc(,B) is more complicated. This feature is par-
where o (=27X16.819 MHz) and o, (=2= eularly uselul whem, of « 1S 100 large to resolve fhe

X 92.59 MHz) are the anisotropic hyperfine parameters anH?itial relaxation[thg first term i.n Eq.(14)] and only a re-
6, is the angle between the fieRland thec[ 111] axis1%?° sidual component is observed in theSR time spectra. For

The functionPg(B) has a broad minimum around a field example, when the unseen paramagnetic state can be pre-
BC sumed to have an isotropic hyperfine structure, the hyperfine

: parameterw, is readily determined by analyzing the field-
—, dependent residual polarization with E4.7).

Yu While examination of the magnetic-field dependence of
where the isotropic part of the effective hyperfine field on thethe muon polarization provides a powerful technique to as-
muon is minimal and consequently the loss of muon polarsist in the deduction of various dynamical and kinetic param-
ization upon My formation is at a maximum. This is also eters, full investigation of the temperature dependence of all
reflected in the spin relaxation of My as relevant parameters necessitates the collection of a very large
quantity of data. Such a study is still beyond the scope of

Q.

B,= (11)

Pec(t,B)=Pgc(x)exd —Apc(B)t], (12)  feasible experiment in terms of available beam time at exist-
ing muon facilities. Instead, we have chosen several points in
Agc(B)=1[1-Pgc(B)], (13 temperature where characteristic and distinctive behavior is

where \gc(B) shows a maximum aB,. It should be expected from earlier reports.
stressed that these features allow us to distinguish readily
between the two centers involved in the charge-exchange
cycle without resorting to spin-rotation or resonance
techniquegt??

IIl. DYNAMICAL MODEL TO BE EXAMINED

Previous annealing studies in Si using the muon spin-
resonance technique have led to the postulation of a dynami-
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cal model involving transitions among four muonium Mu'+2e-
stated® Results inp-type Si indicate that in this system
transitions among Mg, Muj., and M{ states are suffi-
cient for the interpretation of the data, whereas the:- Mtate
becomes important in thetype samples. The intrasite tran-
sitions (MBc=Muge and Mu; =Mu$) are described by
Egs. (1) and (2). In addition, three further channels associ-
ated with site change between T and BC sites are introduced: T

these are the migration between neutral centers, Q

FIG. 1. Adiabatic potential model for muonium centers in Si
(represented as a configuration coordipatée energy for intrasite
charge promotion i€y, =0.21(1) eV for My(+/0) andE_,
=0.56(3) eV for My(0/—). The activation enthalpies for the tran-
sitions involving site change are reported to Hg=0.38(3) eV,
H,,=0.40(2) eV, andH,_=0.31(1) eV(Ref. 9.

Mud— Mudc, (18)
and two channels associated with electron capture,

Mugc+e™ —Mu?, (19

Muge+e™—Mur . (200 while the rate of this process is proportionaitpand there-
fore susceptible to photoexcitation, it may be controlled by
the factor exp{-H_o/KT) at lower temperatures.

Because of the number of transitions potentially involved
in the muonium dynamics it would be useful to sort them out
according to their likely susceptibility to the photoexcitation.

However, the problem here !S thf'ﬂ relati\(ely little i_s The relevant processes are listed in Table | for hwtland
known about the shape of the adiabatic potential connectlng_type samples. Among these, the following hole capture
these two sites. For example, pseudopotential density- X '

. . : .é)rocesses are added to the original model in Refs. 8 and 9;
functional theory studies of the system predict that there i
no appreciable potential barrier between the T and BC Sites.
The origin of the potential barrigand hence that of the Mu
bistability) might be related to dynamical behavi@.g., the
“nonadiabatic” response of the Si matrix to the muonium Mur +h*— Mu?. (23
atom’s motion, as we discuss later. For the time being we
adopt a phenomenological poterftidbf the type illustrated  Note that the process, E(2), has been already reported for
in Fig. 1. Proces$18) is then described by a simple activa- Intrinsic Si_under photoexcitatioft. Parameters for o,
tion expression similar to Eq1). The latter two processes ro+, to, Mo+ to—, Fo—, [—o, andtyy are reported in the
are combinations of capture and activated site change, and $iterature®® where the first five have My as the initial

The presence of processé€sd) and (19) is strongly sug-
gested by the experimental evidence in intrinsic arigtpe
sample$ 12t whereas proces®0) is presumed to occur in
n-type Si®

Muo+h* —Muge, (22)

the rate, e.g., for proceg49), might be governed by state, while the others have WuAccording to the literature
values, the electronic state associated withgMu-/0) lies
t,0=SoNeveeXP —H  o/KT). (21 aboutE,, =0.21(1) eV below the conduction band. Recent

TABLE I. Transitions involved in the muonium dynamics in Si classified by release/capture of carriers, where those shown in boxes are
processes added by the present work. The subscripts refer to the change of muonium state, and the overline refers to hole release/capture. Th
ratesr are for intrasite processes whilare for intersite transfer processes. The processes in the left column are common pe dath
n-type Si whereas those in the right are presumed to occur onlg-fgpe Si. The rates marked with an asterisk (*) can be increased by
photoexcitation. Only the capture process is considered for holes, assuming that e{h-N0) and Mu(0/—) levels lie in the upper half
of the energy gap.

p- and n-type Si n-type Si
Electron vs Mu
F¥ =0, 0v.n, Muge+e~ —Mude rs¥=ao_v,.n, Mud+ e~ —Mug
For=pore Fo+ /T MugCHMugC+e_ F_o=p_oe E-o/¥T Mu{—»Mu,?&e_
18 =5 qvn,e Hro/kT Mug+e” —Mud 159 =50_v,n,e Ho- 1T Mu+e”—Mup
Hole vs Mu
=00, vy Mugc+h " —Mugc F=a_qvn, Mug + 4" —Mud
765 =50 vynpeHor T Mup+ 4" —Mugc
Thermal
foo= pooe ~ 1004 Mu}— Mugc
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study onn-type Si has revealed that the position Bf
associated with Mg(0/—) is 0.563) eV The activation en- —_
thalpies for the transitions involving site change seem to lie 5em

rather close together: for instanddy,=0.38(3) eV, H
=0.40(2) eV, andH,_=0.31(1) eV, as illustrated in Fig.
12 In any case, understanding of the potential-energy rela
tionship between M. and M{ is currently based on the
following pieces of evidencd(i) the transition from M% to Eaiaa

]

b
Sp

e
)

Mug around 200 K fits a model of thermally activated tran- Xe Flashlamp Specimen 2, —
sition from Mu to Mu3.. followed by electron promotiof, Shield
and (ii) the transition from M to Mud is enhanced by Positron Counters

photoexcitation near 10 &
In order to induce longitudinal spin relaxation of diamag- FIG. 2. A schematic diagram of the apparatus for &R mea-

netic (charged states, a cyclic succession of charge statesurement under photoexcitation. The Xe flash lamp provides a par-

transitions is required to take place. The following two pro-allel light beam from th¢100] direction.

cesses, in which the charge state transition is controlled b

electron capture/release at the BC site, are known to OCCLI'fght of data obtained under illumination
under thermal excitation. '

for fro It is inferred from the analysis based on the above dy-

Cycle e. MWc— Muge+e™ —Mude— - - - namical model that there is a fraction of implanted muons
which is unresponsive under illumination in bofh and

n-type specimens, while no such component is observed in

(24 intrinsic Si. Our second goal is to demonstrate that this com-

date the effect of photoexcitation will be examined in the

Mo+l
—(y-1ly,-1y-1__ 0+ +0
ver=(rgy +roi) °=

Fo++T+0 ponent is related to Mu-dopant atom interactions. The two-
oo for tro state model introduced in the preceding section will be used
Cycle €. MW —Mud. —Mugct+e —Mud—- - to describe the formation of such an inactive component.
tod 0stso IV. EXPERIMENT

Ver=(tog +Tgi+t ) 1= . . .
€27 1700 110+ T TH0 Fo+tio+todtsottodor The modernuSR experiment is based on the use of a
(25 so-called “surface muon” beam which is inherently 100%
spin polarized along the beam direction and has a relatively
Itis clear that these cycles are susceptible to the photoeXow energy of 4 MeV. The implanted muons thermalize
citation when the rate is controlled by the carrier capturewithin ~10 ps with a positional spread on the order of sev-
process. In addition to these, we consider further cycles ineral tens of micrometers in Si, so that the density of self-
volving photo excitecholesthe presence of which is con- created defects and vacancies in the immediate vicinity of
vincingly suggested by the present result on{Menters in  each muon is negligibly smallThus, implanted muons may

n-type Si. B be regarded as simulating the situation pertaining in the ex-
"o ro— treme low-density limit of isolated hydrogen. This remains
Cycle HL. Mu; +h* —Mu$, Mu+e™ —Muy —--- . true even in the case of a pulsed muon beam where

~10°-10" muons are delivered with every pulse.
. T_ofoo The present experiment was conducted on the port 2 beam
v =(r-g+reld) t==—m"-. (26)  line at the RIKEN-RAL Muon Facility which provides a
F—otTo- pulsed beam of surface muons-{0*«™" per pulse, 70 ns
— width, 50 Hz repetition The thermal load upon photoexci-

r_o too - L .
Cycle 12, Mus +h* — Mul—MuC... tation was minimized by the combined effects of the ex-
y tr T e tremely low duty factor of the pulsed light sour@ée flash
to- lamp) and the pulsed nature of the muon beam. A schematic
Mugc+ e — Muy—--- view of the setup around the specimen is shown in Fig. 2. A

parallel light beam is delivered onto the Si wafer through a
— cutoff filter to eliminate photons of 700 nm or shorter wave-
I —otooto- length which do not contribute to the bulk excitation. The
tooto_ +r_ oo +t00r_ B o' excitation spectrum measured pBR using band-pass filters
(27)  indicates that photons in the energy range 1.2-1.4ie,
just higher than the energy gap for indirect electronic transi-
The primary goal of our work is to establish a self- tions in S) dominate the bulk excitation. The photoinduced
consistent model of spin/charge dynamics including thesearrier density is then estimated from the photon intensity at
cycles on the basis of energetics provided by Fig. 1. Whilehe sample position measured by pyroelectric power meter
the dynamical parameters reported in the literature are useghd integrated over the appropriate energy range to yield
to interpret the present data in “darkinilluminated speci-
mens, additional parts of the model extended to accommo- ng ”§~1X1015 cm>, (28)

1, -1y
vho=(r Zgtteg +to2) =

245204-5



R. KADONO, R. M. MACRAE, AND K. NAGAMINE PHYSICAL REVIEW B 68, 245204 (2003

TABLE Il. Sample properties of the Si wafers including orien-  TABLE IIl. The initial partition of muonium states in p15 and
tation, majority-carrier dopants, and their concentrations estimated15 samples determined by fitting to E4). The fractionf, de-
from resistivity at ambient temperature. notes a component which exhibits fast depolarization observed only
in the n15 sample.

Sample Axis Dopant  Type C (cm™3)
p15 ni5

P15 [100) B P L3x10%-1.5<10° 37K 150K 280K 12K 150K 290 K
n15 [111] P n 6x10"-1.5x 10

fr 0.40 0.47 0.53 0.40 0.35 0.65

fac 0.50 0.53 0.07 0.28 0.28 0.25
This condition was common to all the runs carried out undeff . 0.10 0.0 0.40 0.12 0.17 0.10
photoexcitation. The characteristic properties of the Si specif, 0.20 0.20 0.00

mens used in this study are listed in Table Il. They were
obtained from commercial sources as 4-in. wafers with mir-

ror polishing on one side. The 4-in. wafers were CZOChraISki'andaENg/Nar is a correction factor originating in the dif-

grown crystals an(_j SO th_e concentration .Of oxygen impuritie.?erence in efficiency between the two sets of detectors. Note
is likely to be relatively high compared with the float-zone Si tgat fora=1, A(t)=R(t).

used in most previous work. The apparatus was placed in th In th tical situation. th ¢ bl .
ARGUS spectrometer and time-differentiglSR measure- " the practical situation, there are two problems assoc-
ated with the correction parameter: (i) it occasionally

ments were performed under a longitudinal fi@léF-uSR). ; i X
The longitudinal spin polarizatio®,(t) is proportional to  drifts during long rundi.e., over several hourslue to long-

the spatial anisotropy of decay positrons or “asymmetry,” term. ins_tapil!ties in the muon peam deliv_ery conditiqns,
making it difficult to effect a precise comparison of the time

(1+ a)R,(1)— (1 a) spectra, andii) it often depends on the magnetic field, and
z =A,P,(1), (29) consequently calibration data faB) are necessary in order
(1+a)— (1— a)Ry(t) to deduce the true underlying time spectra under longitudinal
field. The former problem was resolved by adopting alternat-
where A, is the asymmetry at the time origittypically  jng mode data acquisition, where the flash lamp was fired
0.2-0.3),R,(t) is the empirical “raw” asymmetry, which is  only on every second beam pulse, and the time spectra with
deduced from the time histograms of the positron countergnd without illumination were stored in separate sets of his-
situated in positions either forward+() or backward -)  tograms. This feature proved helpful in minimizing system-

A(t)=

with respect to the muon polarization, atic errors in comparing the two sets @BR time spectra.
The origin of the field dependence w is qualitatively
N (t)=Ng exp —t/7,)[1=AGP,(D)], (30) accounted for through the angle dependence imposed on the

positron energy spectga- (E) by the different thicknesses of
material through which the positrons must penetrate prior to
R,(t)= N, (1) —N_(t) (31) their detection by the counters. The positrons undergo a spi-
z N, (t)+N_(t)’ ral motion around the magnetic field with a radius propor-

TABLE IV. The dynamical parameters in p15 and n15 samples determined under the two-state transition
model. The diamagnetic state denoted by'K/Iis the state which remains intact under photoexcitation
probably due to the formation of Mu-dopant atom complex states. Theﬁ‘gtis for the intrasite promotion
of Mugc associated with acceptors, ar@i, for that of Mu; or Mu, associated with donors.

Sample Transition/cycle Parameter Rarel(® s 1)
p15 37K 100 K 280 K
Ver v 0.0 0.0 0.9
Ver=rp, v* 1.3 2-10 0.85
Mugéoﬂ Mu'* K’ 0.33 0.0 0.13
nl5 12 K 150 K 290 K
ro_ (fp) vr 3.0 6.5 75
v+ vy and vy, Vi 6.0 5.4 18
MuY” —Mu; KT ~10 ~13 25
Mud/Mu,, —Muy Kec 0.0 0.25 0.72
ro_ (delayed Vn 6.5 11
Vnt Vhy v 6.5 26
Mugl‘HMu'* K’ 0.5 0.72 0.13
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tional to the field intensityB. This motion prevents low- 0.25 . . . . +
energy positrons from reaching the counters, so that the light=off
positron counts are given by

Emax
N§(B)°<f p*(E)dE, (32)
Emin(B)

where E,i(B) is the threshold energy. This leads &¢B)
=N, (B)/Ng (B) which is thus field dependent in rather a
complicated way. In the present work the calibration data for

«a(B) were obtained using an aluminum plate of similar ozt off, * * *
shape and stopping density to the Si specimens. Because of a ettty i eggt t
small degree of inaccuracy in reproducing the geometrical —~ 0.5k }
conditions in successive experiments, an offset valyeas f/N
necessary; each series of LF data was then fitted using the O 0.1
formula o’ (B)=a(B) — ay, Whereay, the zero-field value, < tast on IR
was determined by matching it to}, the quantity extracted 0.051 ' f i | * 1
from a uSR spectrum obtained under a weak transverse field O'SIA“T . . . e
(=20 G) and otherwise identical conditions, o.%
a'(O)za}F= C((O)_Ct’o. (33) 0.15 t=0, 4 off i + H \ ]
B b
We note that this calibration procedure fe(B) was quite +
satisfactory to obtain reasonable values for the asymmetry 0-1r
A(t) under different external fields. 005k r*_LH_H_ﬂT
V. RESULTS AND DISCUSSION 0 1 0.03T "= °i’ ____________ N
A . . Si(p15) 37K
s mentioned earlier, our measurements were mostly con- —0.05 , , , , ,
cerned with the detailed variation pattern of the muon polar- 0 25 5 75 10 125 15
ization and its relaxation as functions of the magnetic field, t (us)

with the aim of resolving the various muonium states . S
through their field-dependent LESR spectra. As a compro- FIG. 3. uSR time spectra under a longitudinal field in p15
mise, the variation in the temperature is rather limited; based2™Pl€ at 37 K, where an asymptotic signal is observed under pho-
on the results of resonance experiménige chose to take excitation(light =on”).

data at 37 K, 100 K, and 280 K in the p15 sample, and at 11'3:
K, 50 K, 150 K, and 290 K in the n15 sample. These points :
represent three regions of temperature across which th symmetry [A=0=AoP(0), common for light=on/off]
charge/spin dynamics undergoes a major change as indicatet== and the spin-relaxation rate* under photoexcitation.
by the difference of final-state population in both samplesASS”m'”g that the initial polarization is a sum over all pos-
namely, (1) below ~50 K (“low-temperature regionj, (2) sible muonium states, we have

50-200 K (“intermediate temperature regioin” and (3) _

above ~200 K (“high-temperature region). We will dis- Ar=0=Aol frP1(B) + fecPec(B) + ], (34)
cuss the microscopic model of the charge/spin dynamics fowherefT, fgc, andf. are the fractional yields for l\/ﬁ4
each temperature region based on those representative dawuBC, and Mu", respectively. Fitting of the data in Fig. 4 to
The physical parameters determined in each temperature req. (34) yields values forf , shown in Table llI(with result-
gion are listed in Tables Ill and IV, where the values genering A,_, shown by the solid curyewhich is similar to that

igure 4 summarizes the field dependence of the initial

ally have relative uncertainty of about 10%. in intrinsic Si. (No significant change was reported below
this temperature in earlier studigghe small dips inA;_g
A. The p-type samples are due to slight misalignment of the sample against the ex-
ternal field.

1. Low-temperature regior(<50 K) The component showing photoinduced spin relaxation

The LFuSR time spectra in the p15 sample at 37 K are(with a rateN*) exhibits features characteristic of a relax-
shown in Fig. 3 for the cases with and without photoexcita-ation process involving Iv@t; namely, the clear maxima
tion (“light =on/off"). The field direction was parallel with predicted by Eq(13) for Agc(B) are seen in Fig. ). More
the [110] axis (see Fig. 2 Upon photoexcitation, an specifically, the peak in the relaxation rate is given by Eq.
asymptotic componeridenoted byAf__ =A,P,(«) in Fig.  (11) with an equally weighted combination of (C@sir6)

3] is revealed to exist at this temperature, indicating the pres=(0,1) and (2/3,1/3) forB||[110], yielding B,=0.3415 T
ence of a diamagnetic final state which does not interact witland 0.1552 T corresponding to the two maxima in Figp) 4
carriers. No such component was observed in intrinsit Si. This also indicates that the exchange rate is much slower
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FIG. 4. Longitudinal field dependence @b the initial asymme- FIG. 5. Longitudinal field dependence @ the initial asymme-
try (A~o) and asymptotic componenff_..), and (b) the spin-  try (Ai=o) and asymptotic componenA{_..), and (b) the spin-
relaxation rate under photoexcitation, in p15 sample at 37 K. Théelaxation rate under photoexcitation, in the p15 sample at 100 K.
solid curves in(a) are obtained by fitting to Eqg34) and (36),  The solid curve in(a) is obtained from fitting to Eq(34), while
while the dashed curve is calculated At . using Eq.(35) assum-  those in(b) are obtained using.sc(B) [Eq. (13)]. All the solid
ing that M remains unchanged under photoexcitation and thagurves were calculated assuming that th&0] axis deviates from
«'=0. (The agreement becomes worse &dt>0.) The solid curve  the LF direction by 5°.
in (b) is obtained using Eq.13). All the solid curves were calcu-
lated assuming that tHel10] axis makes an angle of 5° with the atom interactions. As shown in Fig. 4 by the dashed curve,
longitudinal field axis. the observed field dependenceAdt .. is quite different from

the above prediction regardless ©f. On the other hand, if

than the hyperfine parameter of §ju which is consistent the transition from Mito Mug is presumed to occur within
with the value obtained for the exchange rate¢,=1.3 @ short time, one would expect
X1 s71. (In the opposite limit, the peak structure is

smeared ouf.However, despite its large initial population A% = Ag| (fr+ fac) Pac(B)
(~40%), no trace of the Mucenter is observed either in the A L e
spin relaxation or in the asymptotic component. We note that =~ ) )
the field dependence of* is entirely accounted for assum- Which s in good agreement with the data wiki=0.33
ing a charge/spin-exchange process witthas the inter- >< 10° s™1. Since theo rate of_the therm_ally ac_tl\_/ated transi-
mediate paramagnetic state. Moreover, provided that thHon from Mu; to Mugc described byto is negligible at 37

Mu$ state remains intact in the asymptotic component, weSs thi.s. observation leads gs tq conclude that a photoinduced
expect transition from M§ to Mug. via the hole capture process,

Eq. (22), occurs at this temperature. This is the same behav-
, ior as found in the case of intrinsic Sialthough the transi-
+f.|, (35 tionis notinstantaneous in the p15 sample.

+f.|, (36

Al_..=A| frP1(B)+ fgcPac(B)

AN+ k!
2. Intermediate temperature regio50-200 K)
) iy .
where «’ is the transition rate for Mi to the final nonre- The spin-relaxation rate under photoexcitation increases

laxing state in the kinetic model described by E#). The  \hop the temperature is elevated from 37 K to 100 K. The

notation marked with a p_rime refers to_the paramet_er assocﬁsymptotic component observed at 37 K upon photoexcita-
ated with the unknown final state, which we tentatively as-;, disappears at this temperature. The magnetic-field de-

sign to a diamagnetic state labeled MuThe true character pendence of the asymmetry and relaxation rate are summa-
of Mu *will be discussed later in view of the Mu-dopant rized in Fig. 5 with deduced values df, in Table III.
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Although the origin of the two components in the relaxation
rate is unknown at this stage, the field dependence is well
described by\gc(B) [Eq. (13)] in both cases withv* =2
x10° s7! and =10’ s~ ! for the respective components. It
has in common with the result at 37 K that the initial $u
state plays no role in the spin/charge-exchange process under
photoexcitation. Considering that the initial muonium parti-
tion between M and M. is almost equal, it is plausible
that one of the spin-relaxation rates is controlled by the rate
for the hole capture process, fah*—Mugc.

The increase of the photoinduced relaxation rate with
temperature clearly indicates that, despite the strong effect of
photoexcitation, the charge-exchange cycle is controlled by a
thermally activated intrasite promotion process at the BC site
with a raterg, . We find thatv* =rg, =1.3x 10f s™* at 37
K which increases te=10" s~ at 100 K. Assuming that

ASYMMETRY

a)

O L 1 1
1.0 . T .

A A _—EA
ro+=po. e “o+/kT, 37

A (us)

one obtainspy, =3.4x10" s and Ef, =0.011 eV from
these two points, values far smaller than those obtained for
the ionization process of My . Although these values are

(0 F06006O8BOOHRO6- & O—0- & — —0- — 00— — & —|

guoted only as qualitative references, the further assumption 09 . ! ) b)
of an additional rate componen§,, induced by photoexci- 0 0.1 0.2 0.2 0.4
tation, so that FIELD (T)

ré+ :F5+ +ros, (39) FIG. 6. Longitudinal field dependence @ the initial asymme-

try (A=) and asymptotic componeniAf_,.), and (b) the spin-
turns out to be incapable of accounting for the observed rateelaxation rate under photoexcitation, in p15 sample at 280 K. The
at 100 K as long as one assumes a constant valug foand S0l curves in(@ are obtained by fitting to Eq434) and (40,
that MLg . Mu®+ e is the intrasite bromotion Drocess while that in(b) is obtained using a weighted average\g{B) and

C BC P P " Age(B). All the solid curves were calculated assuming that the
These analyses lead us to speculate the presence of a therrpé?o] axis deviates from the LF direction by 5°.
process involving boron acceptor centers,

Mugc+B%—Mugc+B~, (39  Mug. at this temperature. The field dependenca biis now

. o o ) much better described by a weighted averaga B) and
having a small activation energy. It is interesting to note that, . (B) [Egs. (9) and (13)] with the exchange rate’*
a similar process has been postulated in Ref. 8 witHﬁ Mu~085¢10f s 1. The strong field dependence is primarily
(instead of M) as the initial state. This is in marked con- characteristic oh1(B), indicating that the primary interme-
trast with the case of the n15 sample, where no such proceggate paramagnetic state is fluThis is in marked contrast
is observed over this temperature range. with the case at lower temperatures. The exchange rate is in
excellent agreement with the predicteg, supporting the
scenario that Eq(18) (Mul— Mu3.) is the controlling pro-

In contrast to the above low-temperature cases, the iorgess in the charge-exchange cycle.
ization rate of M. by thermal activation is greatly en- Assuming that all of the Mliand M. present is in-
hanced at ambient temperature 3.4x10° s™! at 280 K.  volved in the charge-exchange cy¢teycle e2” in Sec. Il),
As indicated by the result in intrinsic Si, the charge-exchangéhe kinetic model to describe the transition to the second
cycle is then controlled by the thermally activated processinknown stationarynonrelaxing state Mu* predicts that
Mu?—Mugc [Eq. (18)] with a rate given byty. Note that
the rate is quite sensitive to the temperature over this tem-
perature range due to the large activation enthalplyg( K’
=0.38 eV)? The LFuSR time spectra at 280 K exhibit a A=A (fr+fo)Pr(B)—/—
large asymptotic nonrelaxing component as those below 50 A x
K. The magnetic-field dependence of the relevant parameters
is summarized in Fig. 6.

As shown in Table lll, a significant increase df (in  which is in good agreement with the data if =1.25
place offgc) over lower temperatures is observed. This isx 10° s1. The values of the relevant kinetic parameters are
readily attributed to M. given the large ionization rate of summarized in Table IV.

3. High-temperature region(>200 K)

+ facPec(B) |,
(40)
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0.12 ' , ' , - indeed exhibits such a temperature dependence in GaAs
Si(p15) ° (Refs. 23 and 24as well as in alkali halide€.~*' The mini-
010F  LF=o.2T ° ] mum of D ,(T) occurs at the crossover temperatdre T,
0.08l ° i between coherent quantum tunnelifigy (< T~ #, T<T,) and
. ° phonon-assisted tunnelin@(,=e /%", T>T;), wherep
.~ 008k 1 is a positive constant~3 in these crystajsand E, is the
< o0 i thermal activation energy, which is on the order of 10
0.o4r o °° 1 Consequently, the diffusion rate of Mlin GaAs at 30 K, for
0.02 © o example, is comparable to that at 200 K whddg,=5
i ‘o ° | X107 cm? s~ L. Itis interesting to note that a similar situa-
° g
0 . P 60° ) ! tion has been suggested to pertain in Si, with a much higher
0 50 100 150 200 230 300 diffusion rate® According to an analysis of interaction be-
TEMPERATURE (K) tween M{§ and doped impurities based on a simple

i diffusion-limited trapping model,D, is greater than
FIG. 7. Temperature dependence of the asymptotic componentn-—4 2 s around 20 K in Si. Provided that the direct
NP . ) .
under photoexcitation_..., in p15 sample at 0.2 T. This quantity Mu?-acceptor interaction is described by the same kinetic

is proportional tox’'/(\* + '), wherex' is the transition rate to . . .
the final nonrelaxing state. model, one would expect the rate of direct interaction to be

. . =~ > 101213 -1
4. Asymptotic component under photoexcitation: va=4mD ,Cal x> 10 ra(cm s, (42
Evidence for Mu passivation whereC,=10""cm 3 is the acceptor concentration of the

The revelation of a nonrelaxing componekt_,, under P15 sample and, is the effective range of the I\ﬁuaccept_or
photoexcitation is one of the most important findings of ourinteraction. Thus, depending upon the magnitude Af it
present result. The fact that this component is not involved irfmay be that M§i tends to aggregate near the acceptor centers
the charge-exchange cycle indicates that the state is ndtithin a time scale shorter than that of photoinduced conver-
Mugc or Mud. in the ordinary sense. This point is further sion from MW to Mudc. Then, a possible scenario is that the
supported by the observation that the temperature deperh/lugc centers formed later upon photoexcitation also tend to
dence ofAf_.. shown in Fig. 7 is very different from that of aggregate near the acceptor centers, with a subsequent slow
the fractional yield for the delayed diamagnetic state obkinetic process of Mgw-acceptor complex formation for
tained using muon resonance measurements in a sample cwrhich the rate is determined by'. While such a process
responding to p1%which shows a steplike increase above may be unlikely for hydrogen at low temperatures due to the
about 50 K and remains more or less constant between 100 gmaller influence of quantum effects on the diffusion kinet-
and 300 K.2 As we show below, we found a similar compo- ics, it is certainly likely to be the case for both muonium and
nent in our n15 sample, and this type of component is alstiydrogen centers at higher temperaturesT() where the
found inn-type Ge!® Considering that this nonrelaxing com- diffusion rate is controlled by thermal activation.
ponent is observed only in these impurity-doped samples, the

most probable situatiqn is that the state is relgted to the dop- B. The n-type samples
ant atoms. As mentioned earlier, we obtainet=0.33 _
x10° s~ for the rate of transition to the final stationary 1. Low-temperature regior(<50 K)

state at 37 K. It should be noted that this rate is considerably The behavior of muonium centers mtype Si is mark-
smaller tharr§, (=1.3x10° s ! at 37 K), and so this pro- edly different from that in intrinsic ang-type Si in the sense
cess cannot be the controlling process of the chargethat M. plays virtually no role as an intermediate para-
exchange cycle. The same must be true at 280 K, wkei®  magnetic state in the spin/charge dynamics. The absence of
again much smaller than the exchange ndtg=to)). Thus,  charge dynamics for My at low temperatures<{150 K) is
we conclude that the process yielding Mis different from  not surprising, considering that the rate for the promotion
the intrasite promotion process at the BC $kg. (39)]. process, Mf-—Mug-+e~ (given byr,), is negligibly
The fact that the asymptotic component is observed at 3gmall due to the large activation energi(.=0.21 eV).
K and 280 K but not around 100 K, as seen from Fig. 7,The position of the Fermi level is close to the bottom of the
suggests a microscopic model which involves a diffusion-conduction band at low temperatures, which is also unfavor-
limited process of interaction between Mu and the dopedble for ionization. However, while about 25% of implanted

impurities, namely, muons form M@C centers at higher temperatures, there is no
sign of a cycleel process (MEICHMugch e”) going on
Mud+B°—Muge+B~. (41)  under photoexcitation. This is similar to the situation in in-

trinsic andp-type Si at ambient temperature, where cyeke
Note that the initial muonium state is different from that in (Mu$ﬁl\/|ugc+ e‘HMugﬂ. ..) dominates the process
Eqg. (39). The irreversible character of the process suggestghile the lifetime of the M. state is too short to involve it
that the actual entity of Mfis a MuB complex state, M. significantly. Moreover, the present datariiype Si suggest
B™. It is well established that the diffusion rae, of Mu$ that there must be a process other than E®) (MugC
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FIG. 8. uSR time spectra under a longitudinal field in the n15  FIG. 9. Partial asymmetrya) and spin-relaxation ratéb) vs
sample at 12 K. There is a slowly relaxing component whose relaxapplied longitudinal field in n15 sample at 12 K. The components
ation rate remains intact upon photoexcitation while the amplitudeare defined in Fig. 8. The solid curves are the results of curve fitting
is reduced, indicating that there are two subcomponents, one sussing the model described in the text.
ceptible to photoexcitation and one not, denoted\fly, andAy_,

respectively. AP o=AoftGr(\t>1B)
—>Mu$) to bridge between Muyand Musc which underlies :AOfTPT(B)%
the fast spin/charge-exchange reaction at high temperatures. FraT
Figure 8 shows some examples of the LBR time spec- 1,
tra at 12 K. In contrast to p15 sample, one can clearly iden- 2 TX
tify two components with different relaxation rates in the =A0fT72, (43
absence of photoexcitatigtlight =off” ). There is a rapidly 1+ vrlertx
depolarizing component\¢=10" s 1) with a relative yield
fp=0.2. The spectra under photoexcitation indicate that the = T . (44)

; ! . —
component with slow relaxation actually consists of two sub- 2(1+x3)
components, one susceptible to the photoexcitation and an-, h ) h in/ch h £ th
other with the relaxation rate unaffected. The magnetic—field""t vy and kr being the spin/c arge-exchange ra}te ort €
dependences of the partial asymmetry componéteéined precursor state and the conversion rate to the dlamagnetlc
in Fig. 8) and the corresponding relaxation rates are shown ipLate, respectl\_/e_ly. Note that there is no such Process in the
Fig. 9. The total initial asymmetrg._, is reproduced by Eq. pl5 sample. Fitting of the data to the above equation yields

. , . v1=3x10° s71, v1/k7=0.25, andf=0.43, the last value
.(34) with the values of , in Tablg lll (and the resultingy—o slightly larger than that obtained from the analysis of the
is shown by the uppermost solid cujve

total initial asymmetryA,_,. The difference implies that the

.The cqmponent 'subject to the photoindgced spiq relaxg, ot relaxing componentff) is composed of the precursor
ation exhibits the field dependence of a diamagnetic statg/lug (~0.03) together with another paramagnetic state

(attributed to My) quickly converted from the precursor (~fp—0.03=0.17) which appears nearly diamagnetic due
Mu? with fast spin relaxation, where the initial asymmetry to fast spin/charge exchange. As seen in Fig. 9, the relaxation
for Muy is typically described byG+(t,B) [Egs.(14) and rate of this component);) is almost independent of the
a7n], i.e., magnetic field, indicating that the rate is primarily deter-
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mined by a kinetic parameter. This is consistent with thetional yield f.=0.1. However, the origin of the slow relax-
above interpretation for the I\ﬁuprecursor, i.e.,vi/2(1  ation observed for M@JC (irrespective of photoexcitation
+x%)< k7 so that\;~ k1. The situation would be the same seems not to be trivial. We have found that the field depen-
for the rest of the fast relaxing component except that thalence of the relaxation rate, is reproduced by none of the
exchange rate may be much higher than patterns expected for the known muonium states in Si. Sur-
Since the thermal carrier concentration is nearly zero aprisingly, it does not exhibit any enhancement around 0.2 T
12 K, the extracted conversion rakg (=10" s 1) may be  (or 0.35 T associated with some putative misalignmehar-
attributed to direct interaction between $/Iand dopant P acteristic of the spin/charge-exchange processes ochu
atoms and/or the capture/release of transient carriers gendsee Fig. 4. On the contrary, it is rather well described by the
ated upon muon implantation. The same would be true fobehavior predicted for aisotropic muoniumlike entity hav-
the process giving rise te; at this temperaturer_=0 due ing a small hyperfine parameter,,
to the large activation energy_,=0.56 eV). In any case,

the final diamagnetic state is presumed to be;Nbecause it vy
has the lowest formation energy imtype Si. Thus, the rate As= 2(1+x2) (49)
H “ H H ” H H n
x1 describes the “thermalization” of implanted muons via a
channel where v, (=v}) is the spin/charge-exchange rate and
Mu$+ e —Mu; (epithermal, (45) =2I",B/w,. Curve fitting using the above relation yields

v,=6.5x10° s7! and w,=2mx 420 MHz, where the latter
and/or is far smaller than the known value afy for Mu$ (=2

X 2006.3 MHz). Tentatively, we suppose that this unidenti-
fied isotropic center Mﬂ represents the effective dynami-
cally averaged behavior of M.

Mul+P—Mu; +P"  (therma). (46)

The field dependence of the spin-relaxation rate unde
photoexcitation\} , is qualitatively consistent with a spin/
charge-exchange cycle with I\?luas the intermediate para-
magnetic state. This supports the view that the charge- The LFuSR time spectra are qualitatively similar be-
exchange Cyc|e between |Q|Land MuF is the dominant tween 12 K and 150 K, aIIOWing us to use the same proce-
process under photoexcitation. More specifically, we foundiure to analyze all spectra obtained over this range as was

2. Intermediate temperature regio50-200 K)

that used for the 12-K data. One additional feature is that there is
a shift of asymmetry fronAP_, to AS_, at higher magnetic
. Vi ) fields. We found that a kinetic model involving slow transi-
A= o Tk, (47) tion from Mu‘E),C to Mu; gives a satisfactory description of
2(1+x°) .
the data, i.e.,

with »¥=6.0x10° s** and the residual ratex’'~0.5
X 1P s™1. The result of simplified curve fitting witl' set E+x2
to zero is shown in Fig. ®) by a solid curve. No clear 5 2 Kge
asymptotic component associated with the transition Ai=0=Ao me+ fBCPBC(B))\()+— :
could be observed in the time spectra probably due to VTiKT s KBeC (50
v/ k'>1. Although the origin of the finite:’ is not clear at
this stage, it suggests the presence of a slow kinetic processd
towards the equilibrium state.

It should be noted that the increagg— v can be attrib- A
uted to the cyclénl via successive capture of photoexcited AtS:0=AO fecPec(B) 5——+f. |, (52
electrons and holes. Assuming that the cross section for hole Ns T Kac
capture at therly site is close to that for electron capture
. = =1X — 15 -2 14
(0_¢g=09_-=1X10 ~>cm °), we have )\327\2+KBC:—”2+KBC1 (52

- — 2(1+x7)
rofo— rro 1—
Vi—p==—————=—=-0_rn,~3x10f s? i it 0; i ;
TOT FOHS 2 ~ 29-0¥h'hh ' wherexpgc is the transition rate anig is the spin-relaxation

(49 rate of the initial M@C state which is presumed to follow Eq.
(49). Note that the model used for the data at 12 K is ob-

where vy = 3kgT*/m, is the hole velocity related to the tained by settingesc to zero. Curve fitting using the above
effective temperaturd™ under photoexcitation. Since we equations leads to the results shown in Table 1V; the fitted
haven,=1x 10" cm™* under photoexcitation, it leads to a parameters indicate a slight increaseripand v, as com-
crude estimation that} ~6x10° cm/s orT* ~300 K. pared to 12 K.

A corresponding analysis of the residual component under Because of the complicated kinetic processes with differ-
photoexcitation AY_,) indicates that it is composed of g ent time scales involved in the spin dynamics, it is difficult to
and a part of the nonrelaxing diamagnetic state with the fracgive a clear interpretation of the field dependence of the spin-
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relaxation rate under photoexcitation. For simplicity we as-
sume that the relaxation rate is the sum of all contributions at
work, so that we have

* *
VT 12

NE= + + Kk
4201+ x2)  2(1+%D)

" (53

ASYMMETRY

As a matter of fact, we would fail to reproduce the data if
we were to assume that the second term in the above form is
absent. Curve fitting yieldsvt=5.4x10° s, »¥=2.6
x 10" s, andk'=7.2x10 s ! (which includes a contri-
bution from kgc). The value fork’ indicates that there is a

gradual flow to the secondary diamagnetic state which is not ‘3‘8 7% T R ' R N
affected by photoexcitation. 20 | + b)

The effects of raising the temperature from 12 K to 150 K
are summarized as follows. The fast relaxing component
(fp) is almost independent of temperature, indicating that
the dynamical behavior of the precursor state is primarily
determined by an epithermal relaxatiGhermalization pro-
cess involving transient carriers. On the other hand, the frac-
tional yield of nonrelaxing component {) increases from
0.12(12 K) to 0.17(150 K) at the expense of l\@u Since an Oé d
epithermal relaxation process would not depend on tempera- 0.6 .
ture, the increase in this component may be due to enhanced 0.004 0.007 0.02 0.040.07 0.20.3 0.5
direct interaction of muonium with dopant atorfesg., Eq. FIELD (T)

46)]. Moreover, a slow transition from to Mu; (with . . . .
(46)] l\@@ T ( FIG. 10. Partial asymmetriggs) and spin-relaxation rateb) vs

~ ~1y i i
a rate K.BC_O'25>.< 10°s ). Is activated, with the_ result Of. applied longitudinal field in n15 sample at 290 K, where the defi-
increasing the diamagnetic component. The spin relaxatiop.

f 0 hich h it i . ._nition of each component is given in the text. The solid curves are
of Mugc, W .'C seems to be_ a\(e as it it Werg an I1SotropICe resylt of curve fitting using the model described in the text.
Mu, center, is enhanced as indicated by the increase, of

from 6.5 MHz (12 K) to 11 MHz (150 K). Wr.uleothe €X- havior is rather close to that jrtype Si at 37 K and at 280
change process upon photoexcitation involvingsMsi un- K suggesting that the situation is similar to or the same as
changed(i.e., v§ is about the same between 12 K and 150that pertaining in these cases.

K), a process involving the Mtcenter sets in to enhance the  Figure 10 summarizes the field dependences of the initial
spin-relaxation rate under photoexcitation, as inferred fromasymmetryf A,_,=A,P,(0), common for light=on/off], the

the large value ofv); . Thus, the predominant channel of asymptotic asymmetriesA,_.., A ., and the spin-

Si(n15)
290K

exchange is between Mand Mu; at this temperature, relaxation rates withX*) and without §) photoexcitation.
The initial partition among the three muonium states is de-
Mu+ P—Muj + P (54)  duced to be {r,fgc,f.)=(0.65,0.25,0.1)yielding the re-

sulting overallA;_, shown by the solid curye Sincefgc is
Considering that the thermal activation of Wuto Mu? virtually unchanged throughout this temperature scan, the
+e is negligibly small below 150 K, the observed increasecnange infr must mainly be attributed to the recovery of

in v1, vy, andv* strongly supports the presence of such aninitial Muy fraction from the diamagnetic state showing fast

; ; ; ; .~ Spin relaxation at 150 K. Instead of a slow transition from
|_ntraS|te promotion process by a ra‘@, with small act|ya MWL - to MU= at 150 K. we now find that a Kinetic model
tion energy close to that for donors. The valuer@t is BC T '

on the same order of magnitude as these exchange rates'df" fast conversion of MBc to Muy gives the most satis-

150 K. factory description of the data, i.e.,
3. High-temperature region(>200 K) l+x2
Compared with those at 12 K and 150 K, th&R time Ar—w=Ao| (fr+fge)—————+f. |, (59
spectra at ambient temperature 290 K) are qualitatively 1+vr/e'+X
different in the sense that the slow relaxation is quenched to
leave a nonrelaxing asymptotic component€0). More- VT
over, the diamagnetic component with fast spin relaxation )\f:2(1+xz) TKT (56)

completely disappears at this temperatufp=0); the fast
relaxation is entirely from Mﬁh states(see below. This be- and
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1 2 in the dark specime(wherer__O:O), and
2 _
A=A (frt+fge)———+f. |, (57 r*ot
‘ R T PN phe =000 Lk D vt D =1.8x 107 s
r*o+too
* (60)
)\*ZV—T+K’ (59 ok TR D
d 2(1+x?) : under photoexcitationr{ ,>tqy), wherery_ is the rate of

other processes including incoherent electron/hole capture

These terms are functionally similar to those presumed@rocesses and direct Mu-donor interactidese Table IV.
valid at 150 K, withA,_.. corresponding toAP+AS and ~ Further assumption that
* S . . . .
Af_.. to A>. T'he main difference is that there is no suph state Vi =v%(12 K)—r(12 K)=3.5x10° st (61)
as My, at this temperature; rather, all paramagnetic states _ _
behave as if they were Mucenters. Here, the suggested leads to a crude estimate gh~1x 10" s™* at ambient tem-

situation that the ratioch/)\2>1 in Eq.(50) is in line with ~ Perature. This is in reasonable agreement with predictions
the large transition rate,_ for Eq. (20), based on the reported parameter values in the liter&ture.

4. Asymptotic component under photoexcitation:
Evidence for Mu passivation

where the parameter values in Ref. 9 yieJd =10° s* at The field dependences af; andA*_.. at 290 K indicate
290 K. This in turn strongly suggests that t_hg,{\lll(_ente_r IS&  that there is a slow process leading to the formation of a
precursor of M§. The results of curve fitting in Fig. 10 gecondary diamagnetic state which is not susceptible to pho-
using the above equations are shown in Table IV. toexcitation. It is interesting to note that the rate of this tran-
In the case of the p15 sample, the Fermi level is alwaySion, «', turns out to have almost the same value as the
below the gap center and hence a channel for the promOt'Oébmparable transition in the p15 sample at 280 K. This
of Mugc to Mugc is available to the charge-exchange cycleagreement is a good piece of supporting evidence for an
at any temperature. The bottleneck in the gMuhannel  interpretation based on diffusion-controlled reaction ofMu
(cycle e2), the predominant process at ambient temperaturgenters with dopant atoms, given that both the diffusion rate
in the p15 sample, is the rate of the thermally activated trangs the MW centers and the dopant atom concentration are
sition from MUt to Mugc [Eq. (18), with a ratetod. Onthe  common to the two cases. The earlier report of a larger

other hand, in the n15 sample, the thermal activation ofsymptotic component~90%) in more stronglyn-type
MugC to Mugc is unavailable at lower temperatures due tospecimen [[Sbj~10® cm™3) also supports such a

the position of the Fermi level, leaving for Mwonly via the  scenario*?
cycle hl involving hole capture. The origin of the apparent difference in the amplitudes of
The increase inF at 290 K indicates that the exchange the asymptotic components observed in p15 and n15 lies in
cycle is enhanced by a thermally activated process. One pothe rate of spin/charge exchange under photoexcitatidn;
sibility is that cyclee2 (which is predominant in the p15 =8.5x10° s ! in p15 whereas’s =1.8x10" s™1. The in-
sample at ambient temperatyraay dominate the exchange creased value ofv¥ at 290 K [compared to~(5-6)
process. Unfortunately, the rate of the bottleneck reactionc 10° s=* below 150 K] indicates that the exchange cycle is
[Ed. (19)], t., is estimated to be about X30> s™* at 290  controlled by a thermally activated process. Moreover, as
K, which is too small to explain the value off at this  shown in Fig. 11, the steplike increase in the amplitude sus-
temperature. Thus, alternative charigebf transition from  ceptible to photoexcitation&;_..—Af_.,) indicates that, be-
the T4 to the BC site must be presumed to exist in order tosides promotion of the diffusion process at temperatures
explain the fast exchange interaction via the JMstate in  above~ 200 K, there is an accompanying increase in some
the n15 sample. Taking account of the present observatiogiamagnetic component. Assuming that there is an electronic
that MLﬁ is the dominant paramagnetic state in the exchangenergy levelE,, associated with the muonium state in the
cycle, we postulate a fourth proce@shich we term cycle energy gap, Eq(5) provides the probability that the muo-

Mug.+e™ —Murg ,

h2), nium state in the n15 sample is electrically neutral,
— _ _ _ -1
Muy +h+HMU'IO'HMug,c, Mugc+e —Muy —--- Po=| 1+ éeXF< E/LkTEF) , 62)

We stress that the importance of holesnitype Si has al- _ _
ready been demonstrated in our earlier report on a stronglyyhere E,, is measured from the bottom of the conduction

n-type samplé2 Then, considering tha5,>r_,0, topiN Vep, band._Curve fitti'ng of the *data in Fig. 11 using thg above
equation assumingy_..—Al__.x1—p, (with g=2) yields

we have
E,=0.21(1) eV. The value is surprisingly close to that for
Tt Eo: [=0.21(1) eV, suggesting the possibility that the in-
pr=—% 4D D 75x1f st (590  crease in the asymptotic component above 200 K is mainly
ot too due to the charge state promotion of §4tio Mug., whereas
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0.18 , , ‘ value of the kinetic parametek() associated with this pro-
ol Si(n15) 0.2T cess from the data using the two-state model. The local dy-
' namics of the spin/charge-exchange interaction is similar to
014 that in intrinsic Si, where either cyclel (at low tempera-
p i tureg or cyclee2 (at ambient temperatureontrols the pro-
T ot cess.
1 Compared with the situation in the p15 sample, the muo-
< 0.10} nium dynamics in the n15 sample is far more complicated.
0.08L 00® | There is a rapid dynamical process causing fast spin relax-
0% ation (>10" s 1) which is marginally observable using
0.06 ! ! ‘ ' ' present-day pulsed muon beam techniques. Detailed data
o 50 100 150 200 250 300 analysis suggests that the process is controlled by rapid spin/
TEMPERATURE (K) charge-exchange interaction of a paramagnetic precursor

state with transient carriers and/or dopant atoms. This fast
exchange interaction, which is presumed to be quasiepither-
mal, is terminated by a kinetic process forming a diamag-
netic state (Myg). The two-state model is demonstrated to
be useful to describe the fast relaxation of Ma Mu; with

it is controlled by the Mu-dopant interaction below 200 K. Fate parametekr. After rapid thermalization, a slow transi-
This is also consistent with the observation that the procesidon from Mugc to a diamagnetic statgresumably My) is

involving Mud., Mud.+e~—Muy , seems to set in above thermally activated with a rategc at 150 K. The photoin-
200 K. duced spin-relaxation behavior over this temperature range

has revealed that M must be serving as a recombination
center(cycle hl), supporting the conjecture that the defect
level associated with I\/ﬁﬁ_ is located near midgap. Mean-

It is known from annealing experiments using the muonwhile, it became clear that My exhibits a peculiar feature
spin-resonance technique (RFSR) that delayed formation in its spin dynamics at low temperatures, behaving as if it
of diamagnetic muon states (M occurs in Si upon muon were an isotropic Mu center with small hyperfine parameter
implantation®® Earlier work using RFeSR combined with  (here called M}). Although the state seems to correspond to
illumination has shown that photoexcitation has a strong efan effective average of the dynamics betweerMand M
fect on the spin dynamics of implanted muons in Sifbe. as seems a reasonable conclusion from its changes along
While continuous effort has been devoted to studies of thisith temperature, its true nature has yet to be clarified. For-
kind using the time-integrated techniqués; we have tunately, this complication is removed at ambient tempera-
shown that time-differentiagk SR technique may in fact be a ture where the ambiguous Mustate disappears. All the
more useful approach for the detailed investigation of sIOV\MugC centers are quickly converted to either Mar MUE’:—C*
dynamics under photoexcitatiéh.In general one needs followed by intersite transition with the Mustate as the
delayed-resonance techniqueghere the RF pulse is irradi-  jytermediate paramagnetic state in the local spin/charge dy-
ated some time after the initial spin relaxatida distinguish  amics(cycle h2). More interestingly, a small nonrelaxing
between the initial spin relaxation and that in the final Stateasymptotic component appears at higher magnetic fields, in
only by RFSR. In the present work, we have shown usinggjose parallel with the result in the p15 sample. Detailed
this time-differentialu SR technique that there is a secondaryanalysis within the two-state model indicates that the rate of
diamagnetic state (Md) which remains intact under pho-  yransition to the final nonrelaxing state’( is similar to that
toexcitation in bothp-type andn-type Si. We have already jn the p15 sample at ambient temperature, supporting the
reported a similar result fon-type Ge* As typified by the  scenario that the kinetic process is controlled by the
p1l5 sample, the development of this electrically inactivegitfysion-limited reaction of Mu with the dopant atoms.
state is well described by a two-state model with a transition  The jnactivity of the slowly formed diamagnetic state un-
rate k' =10°"°s™1. The kinetic parameters including other der photoexcitation is convincing evidence that the defect
fast transitions referred in the text are summarized in Tablgaye| associated with this state is not located within the en-
V. ) o . ergy gap. If it is true that these muons are located close to the

The overall muonium dynamics in the p15 sample is wellgopant atoms, the whole process may be interpreted as a
accounted for by consideration of a simple two-state modefnonic analog of hydrogen passivation. The one reservation
with slow conversion from a Mit precursor(undergoing  to wholehearted embrace of this hypothesis is that, despite
spin/charge-exchange reactions under photoexcitation years of effort, there has been no direct evidence of a muon-
Mu’=. Besides this, detailed analysis indicates that therglopant atom complex state in Si. For example, if a muon-
must be a fast transition from initial Muto the precursor boron complex is formed ip-type Si, it should be readily
Mug state upon photoexcitation via hole capture at low tem-observed by muon-nuclear level-crossing resonahce.our
peratures. Because of the absence of spin relaxation assokinowledge, no such evidence has been reported to date with
ated with this transition, it was not possible to deduce thehe single exception of a very weak signal purported to come

FIG. 11. Temperature dependence of the LER asymmetry
susceptible to photoexcitation with EF0.2 T (see text for the defi-
nition of A, andA{__). Solid curve is the result of fitting using
a model described in the text.

VI. SUMMARY AND CONCLUSIONS
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from a muon-Al complex in Al-doped St However, this doped Si, suggesting a process of diffusion-limited direct
situation may be understood by considering a fast local tuninteraction of muonium with doped impuritieg.e., muo-
neling process around four equivalent orientations of thenjum passivation The use of the time-differential SR tech-
complex state. Another possibility is that muonium is keptnique combined with photoexcitation has shown itself to be a
away from dopant atoms within the time scale @SR uniquely productive approach for the investigation of the
(~us) in the diffusion-limited reaction. According to an ear- electronic states of implanted muons in semiconductors, and
lier study of interactions between Mu and impurity atoms injn concert with more specific excitation using a laser source

alkali halides’” the strain field around the impurity atom the method can be expected to mature into a powerful new
tends to Intercept the tunne“ng diffusion of Mu towards thet00| for ,(LSR Spectroscopy Of transient phenomena_
impurity atom at low temperatures due to the influence of the

gradient in site energies as the impurity is approached. On
the other hand, the activation energy for Mu tends to be
smaller than that for H in their respective bound states due to
the former’s higher zero-point energy, and this may lead to a We would like to thank the staff of RIKEN-RAL Muon
greater probability for Mu to be detrapped from impurities atFacility for the technical support during the experiment and
higher temperatures. In any case, the electrostatic interactidRIKEN Accelerator Research Facility for providing com-
can be long range(articularly at low temperatures where puter resources for the data analysis. One of the authors
the screening carrier concentration is Jowllowing charge- (R.K.) acknowledges that the experimental part of this work
exchange interactions between muonium and dopant atomgas conducted while he was associated with RIKEN, and
to occur. would like to acknowledge RIKEN for their general support.

In conclusion, we have demonstrated the delayed formaR.M.M. also wishes to acknowledge RIKEN for financial
tion of electrically inactive muonium states in both types of support.
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