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Dynamics of negative muonium inn-type silicon
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Temperature-dependent diamagnetic amplitudes from radio-frequency muon spin-resonance data on two
moderately to heavily dopedn-type silicon samples require the presence of MuT

2. We determine the MuT
2 to

MuT
0 ionization energy to be 0.5660.03 eV for silicon, considerably higher than the MuBC

0 to MuBC
1

ionization energy of 0.2160.01 eV. Thus muonium will be a negative-U impurity only if the energy differ-
ence between the MuT

0 and MuBC
0 configurations is less than 0.35 eV. The Mu(0/1) thermodynamic level

correlates well with results for monatomic hydrogen, but the Mu(2/0) level is estimated to be shallower than
that claimed for H(2/0). The muonium data show a complicated set of transitions active during the muon
lifetime, and involving four separate muonium states. Similar rapid transitions should be considered when
interpreting data on isolated hydrogen centers.@S0163-1829~99!11107-X#
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I. INTRODUCTION

The structure and dynamics of muonium (Mu5m1e2) in
crystalline silicon have long been recognized as directly
evant to understanding the analogous hydrogen defect
ters in semiconductors.1–4 Hydrogen impurities are of inter
est primarily because of their ability to electrically passiva
many impurities and defects. Isolated hydrogen is difficult
study, since high concentrations of a single state are
quired, and H quickly forms complexes with itself or oth
defect species. In comparison, muonium nearly always
mains isolated for times on the order of the muon lifetim
(tm'2.2 ms). The muon has a massmm approximately1

9 th
that of the protonmp , and Mu can be considered a ligh
isotope of hydrogen with qualitatively similar chemical a
physical properties.

Two types of neutral interstitial muonium centers ha
been observed at low temperature in semiconductors.
stable configuration of Mu0 in Si has the muon at or near
bond-center~BC! site MuBC

0; the second configuration i
metastable in Si and is located within a tetrahedral~T! inter-
stitial region MuT

0. In addition to these neutral state
charged muonium centers occur. Inp-type Si, the charged
center is positive and channeling studies5 have shown it
to reside near a BC site MuBC

1, consistent with theoretica
expectations.1,2 In this paper we report on results for th
negative charge state which we observe in moderately
heavily dopedn-type Si, and which is stable2 in the tetrahe-
dral configuration MuT

2.
Of particular interest are the dynamics of transitio

among the four states of muonium. Earlier we reported
tailed measurements6 on transitions involving MuBC

0, MuT
0,

and MuBC
1, which are the only states present appreciably

p-type, intrinsic, and low-concentrationn-type Si, and quali-
tatively described the behavior of Mu2 required to explain
PRB 590163-1829/99/59~7!/4918~7!/$15.00
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several features inn-type samples at intermediate dopin
levels. Delayed formation of the negative charge state fr
the MuBC

0 initial fraction compared to the rate originatin
from MuT

0, as previously reported,6,7 confirms that a site
change is required consistent with the expected MuT

2 con-
figuration. In the present paper we present more detailed
sults for transitions involving neutral muonium and MuT

2

which dominate in more heavily dopedn-type Si. Our analy-
sis indicates that MuT

2 thermally ionizes with an ionization
energy of 0.56 eV, leaving Mu in the metastable neutral s
MuT

0. This result establishes that theT-site negative→ neu-
tral ionization energy for muonium is greater than the neu
→ positive ionization energy for the BC site which was pr
viously determined to be 0.21 eV.6 The BC result closely
corresponds to the thermodynamic Mu(0/1) level depth,
while the T-site ionization measurement represents an
treme upper limit on the depth of Mu(2/0) below the
conduction-band edge, as discussed below. We must s
that within the muon lifetime the muonium defect syste
does not reach thermal equilibrium, except perhaps at v
high temperatures. Therefore, unlike typical measureme
on hydrogen impurities, observed transitions are those wh
drive the system toward equilibrium, rather than those wh
would eventually maintain the mix of populations under~dy-
namic! equilibrium conditions.

Fast capacitance transient measurements8 have placed the
thermodynamic acceptor level for monatomic hydrogen n
midgap in crystalline Si, more than 0.3 eV below the don
level, leading to the conclusion that hydrogen has a la
negative ‘‘effective Coulomb energy’’;i.e., that hydrogen is
a negative-U impurity. In such a system two neutral hydro
gen defect centers can lower their energy by changing to1

and H2 as~quasistatic! equilibrium states. In comparing hy
drogen and muonium energy relationships, one must acc
for the fact that the Mu energy level results are based
4918 ©1999 The American Physical Society
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PRB 59 4919DYNAMICS OF NEGATIVE MUONIUM IN n-TYPE SILICON
ionization dynamics and represent energy differences
tween two charge statesat a single site, while the hydrogen
numbers are assigned to energy differences between
stable configurationsfor each charge state, HBC

1, HBC
0,

and HT
2. The essential difference is that the change in

configurational energy between the metastable state MT
0

and ground state MuBC
0(D) must be included in the Mu

acceptor level in addition to theT-site ‘‘ionization’’ energy,
giving Mu(2/0)5ET

2/02D. Figure 1 explicitly shows the
relationships we are assuming between the single-site e
tronic energies for muonium and the associated thermo
namic levels as traditionally used in discussing impur
states in semiconductors.9 In constructing this diagram we
have also assumed that the Mu ionization processes plac
ionizede2 at the bottom of the conduction band.

A second important result from investigations of mu
nium dynamics is that our data show quite rapid charge-s
conversions involving all four of the Mu states which a
much more complicated than the reactions assumed in
lyzing the hydrogen data,8 thus raising some questions r
garding the validity of the assumptions underlying th
analysis. A critical assumption, based in part on details of
calculational model,8 was that no metastable H0 state exists
in silicon. For the analogous muonium system the metast
MuT

0 is separated from the ground state MuBC
0 by a barrier

of 0.38 eV. If one accepts that the physical properties of
and H centers are qualitatively similar at ordinary tempe
tures, then equivalent transitions involving a metastableT

0

state should be included in the analysis of data on hydro
dynamics.

II. EXPERIMENTAL DETAILS

The technique used in this study, referred to as rad
frequency muon spin resonance (rf-mSR), has been de
scribed in detail elsewhere.6 Two features of this method
make it particularly attractive for the present study.~1! The
experiment, performed in a longitudinal field~lf ! geometry,
detects a given center independently of whether it is form
promptly upon muon implantation or formed slowly by
transition from a precursor Mu state. This is not generally
case in transverse field~tf!, experiments where the require
ment of phase coherence limits observation of final state
only those transitions occurring within a small fraction of t

FIG. 1. The relationship between thermodynamic levels~a! and
the single-site electronic energies~b! for muonium in silicon. The
configurational contributionD is significant, but not known experi
mentally. The very small differences in the configuration energy
different charge states at each individual site are neglected.
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precession period for the muon spin in the precursor st
~2! The presence of a strong rf field implies that only a cen
which satisfies the resonance condition is detected. Th
features make the rf technique ideally suited for investigat
transitions among the various muonium centers in semic
ductors.

The most recent experiments were performed
TRI-University Meson Facility, where positive muons wit
'100% spin polarization were implanted into two silico
samples, designated asN15 andN16. N15 has a net phos
phorus ~P! concentration of 1.531015 cm23 and a ^100&
face, andN16 is a^111& sample with a donor concentratio
of 531015 cm23. The amplitude of the diamagnetic sign
was measured at a fixed oscillator frequency of 27.1 MHz
varying the external magnetic field around 2 kG. The fie
was applied parallel to thê100& and^111& crystallographic
direction for N15 and N16, respectively. Both of thes
samples were used in the previous study.6 In that
experiment6 a thermocouple, placed outside the coil on t
boron nitride substrate used to mount the sample, meas
the temperature difference between the substrate and a
brated Si diode located on the Cu housing that holds the
assembly. Because of the heavy doping the rf heating of
N16 sample itself due to eddy currents was large, resultin
a large temperature gradient and a large uncertainty in
temperature of the sample. To determine the tempera
more accurately, we re-examined bothN15 andN16 at re-
duced rf power to minimize the heating and with a platinu
thermometer placed inside the rf coil in much better therm
contact with the sample. For the new measurement a
power of 100 W was used to produce aB1 of about 5 G
inside the coil. Under these conditions the uncertainty in
measured temperature was less than 1 K. The improved
perature measurement has allowed us to reliably disting
dynamic features related to transitions involving Mu2, and
to determine more accurately the relevant dynamic par
eters.

III. DYNAMIC MODEL AND ANALYSIS METHODS

Observed transitions among the Mu states in Si are re
sented schematically in Fig. 2. The solid arrows represent
transitions active in near intrinsic andp-type samples, and
the dashed arrows additional interactions which become
portant inn-type samples. Because of the increased conc
tration of conduction electrons,e2 scattering and capture
processes are much more important inn-type samples than in
p-type and near-intrinsic samples. When the rate for elect
capture by MuT

0 is fast compared to the inverse muon lif
time, MuT

2 will form at lower temperatures, where th
MuT

0→MuBC
0 site change remains slow. Additionally, con

duction electron scattering which can flip the Mu0 electron’s
spin becomes an important depolarizing mechanism,
othere2 capture transitions are enhanced. One of these,e2

capture at MuBC
0, will also lead to a MuT

2 final state. Thus
at higher temperatures, transitions out of MuT

2 can be inves-
tigated provided that the formation probability for this sta
remains sufficiently high.

The model we have used in an updated fit to the rf-mSR
data is a more complete version of the strong collision mo
used previously.6 A full set of parameters resulting from th
more complete model are given in Table I. In addition

r
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4920 PRB 59B. HITTI et al.
including a fourth state, MuT
2, and the associated trans

tions, the new version more accurately models the muon
larization following recapture of ane2 by MuBC

1 by sepa-
rately treating electrons having the same and opposite
orientation as the preionization electron; see the Appen
Since the hyperfine parameter of MuBC

0 is anisotropic, the
effective magnetic field at the muon due to the unpai
electron differs depending on the direction of the elect
spin. As a result, when MuBC

0 ionizes, the polarization trans
ferred to the ionized product has a complicated tempera
dependence which was treated in Appendix B of Ref.
Qualitatively, the anisotropy of MuBC

0 produces a double
step in the diamagnetic amplitude vs temperature curve
sulting from the ionization. However, when electrons are
captured by MuBC

1, the result is a charge-exchange cyc
and the differences due to thee2 spin orientation become
effectively averaged. The net effect is that when the rec
ture rate becomes sufficiently rapid a single step at a so

FIG. 2. Observed transitions among the four muonium state
silicon. The solid lines are for reactions active inp-type samples
and at high temperature in the lightly dopedn-type samples. The
broken lines are for processes important in moderately to hea
dopedn-type samples and in the lightly doped samples at low te
perature. Differente2 spin orientations within the two Mu0 states
are indicated separately.
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what higher temperature replaces the double step in the
magnetic amplitude.10 In addition, charge exchange and
similar spin-exchange process due to spin-flip scattering
very effective muon depolarizing mechanisms when the
change rates are approximately equal to the Mu0 hyperfine
frequency. Proper modeling of the MuBC charge cycles and
related depolarization mechanisms is especially impor
for weaklyn-type samples, and yields significantly improve
parameters fore2 capture.10

Temperature-dependent ionization, activation, and cap
rates are used to describe the dynamics of transitions
tween the various muonium states, as outlined in Fig.
There are four types of transitions involving different phy
cal processes: ionization (i ), thermal activation for simple
site changes (a), carrier capture at a specific site (c), and
activated capture for combinede2 capture and site-chang
transitions~ac!. The following simple expressions are used
describe these processes: Ionization~activation!:

n i ~a!5r i ~a!exp@2Ei ~a! /kT#. ~1!

Capture:

nc5nevesc . ~2!

Activated capture:

nac5nevekac exp@2Eac /kT#. ~3!

r, E, s, andk are the vibrational prefactor, energy, ca
ture cross section, and composite site-change–elect
capture cross section, respectively, andne and ve are the
density and mean thermal velocity for conduction electro
Similar hole-capture transitions occur inp-type material, but
are unimportant in these samples. Integral rate equations
scribing the evolution of polarization for each center a
written and solved using Laplace transform methods for
case where the charged center is on resonance; see the
pendix. The notation we use for specific parameters obtai
from fitting to the transition dynamics indicates the initia

in

ly
-

from
oted for
TABLE I. Transitions identified for Mu in silicon along with updated dynamic parameters extracted
rf-mSR data using the spin-dependent four-state model described in the text. Statistical errors are qu
energies and capture cross sections.

Mu transition Rate parameters

BC charge-state transitions:
MuBC

0→MuBC
11e2 rBC

0/152.731013 s21 EBC
0/150.2160.01 eV

MuBC
01h1→ MuBC

1 sBC
0/152062 Å 2

MuBC
11e2→MuBC

0 sBC
1/0533006300 Å 2

T charge-state transitions:
MuT

01e2→MuT
2 sT

0/25862 Å 2

MuT
2→MuT

01e2 rT
2/052.031013 s21 ET

2/050.5660.03 eV

Site-change transitions:
MuT

0→MuBC
0 rT/BC

0 54.131012 s21 ET/BC
0 50.3860.03 eV

Combined charge and site transitions:
MuBC

11e2→MuT
0 kBC/T

1/0 52.3310210 cm2 EBC/T
1/0 50.4060.02 eV

MuBC
01e2→MuT

2 kBC/T
0/2 58.431029 cm2 EBC/T

0/2 50.3160.01 eV
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PRB 59 4921DYNAMICS OF NEGATIVE MUONIUM IN n-TYPE SILICON
final charge~superscript! and site~subscript! of the transition
end states; that is,ET

2/0 for the T-site ionization energy dis
cussed earlier, orET/BC

0 for the site-change barrier related
the transition from the metastable to stable Mu0 configura-
tion.

IV. RESULTS AND DISCUSSION

The normalized rf-mSR amplitudes for diamagnetic muo
nium as a function of temperature inN15 ~circles! andN16
~squares! are shown in Fig. 3. We begin discussion of the
data withN15, a^100&-oriented sample with a P concentra-
tion of 1.531015 cm23. Details of the arguments for mos
transition assignments have been presented previously;6 here
we present a final assignment, summarize the observed
sitions and present updated parameter determinations~see
Table I!. Starting from the lowest temperature, the init
amplitude is larger than for near-intrinsic samples, and
attributed to ionization of P donors during thermalization
implanted muons and the subsequent capture of two e
trons, although no precise information is obtained on th
very rapid processes. The next feature with increasing t
perature is the rise near 50 K, corresponding to the temp
ture at which P ionizes thermally. This feature is attributed
electron capture by MuT

0,

MuT
01e2→MuT

2, ~4!

with the temperature dependence controlled byne from the
donor ionization. Fitting the 50-K step in theN15 sample
yields a cross section of 8 Å2(sT

0/2) for electron capture by
MuT

0.
The second feature with increasing temperature, a sh

step near 200 K, is assigned to a combined electron cap
and site change leading to MuT

2,

MuBC
01e2→MuT

2. ~5!

Fitting this step in theN15 sample to the rate expression
Eq. ~3! yields an activation energy for this transition of 0.3
eV (EBC/T

0/2 ), and an effective total-process cross section

FIG. 3. Normalized rf-mSR amplitudes for negative muonium i
N15 ~circles, solid line!, a ^100& sample with a net phosphoru
concentration of 1.531015 cm23, andN16 ~squares, broken line!,
a ^111& sample with a donor concentration of 531015 cm23. The
filled circles and squares are the data with the improved tempera
measurement. The oldN15 data from Ref. 6~open circles! agree
with the newN15 data. A 5-K correction was added to the tempe
ture of the oldN16 data~open squares! to account for the rf heating
of the sample, as discussed in Sec. II.
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8.431029 cm2(kBC/T
0/2 ). In modeling this step it is importan

to include the BC charge-exchange cycle~ionization to
MuBC

1 and electron recapture to MuBC
0) as discussed ear

lier, which results in a single step near 200 K when MuT
2 is

formed instead of the double step expected if BC cha
exchange did not occur. The parameters used for the
ionization rate are those obtained fromp-type samples,
where the ionization is not complicated bye2 recapture; an
ionization energy of 0.21 eV (EBC

0/1) and a frequency prefac
tor of 2.731013 s21(rBC

0/1). These values are slightly differ
ent than those given in Ref. 6 due to reexamining theP11
sample with the improved temperature measurement.
cross section for electron capture at MuBC

1 obtained in Ref.
6 is inappropriately small fore2 capture by a charged cente
and the less complicated model failed to adequately rep
duce the data from BC ionization in lightly dopedn-type
samples~see, e.g., sampleN12 in Ref. 6!. Including the
electron-spin-dependent features related to the BC ch
cycle in the model significantly improves the fit, and yields
more reasonable capture cross-section of 3300 Å2(sBC

1/0)
from data on the cyclic processes,

MuBC
0↔MuBC

11e2, ~6!

in lightly dopedn-type samples.10

Finally, we turn to the primary result from our reinvest
gation ofN15 andN16. We can now say with considerab
confidence that for these samples the drop in the amplitud
high temperature results from thermal ionization of MuT

2

and the subsequent onset of aT-site charge-exchange cycle

MuT
2↔MuT

01e2. ~7!

The parameters for the ionization step, an energy of 0
60.03 eV(ET

2/0) and a prefactor of 231013 s21(rT
2/0), are

determined by taking the average of values which best re
duce this feature in each sample independently. Parame
for the capture half of the cycle were determined from t
50-K feature, as discussed earlier, where that transition
curs in isolation.

The two curves in Fig. 3 are calculated using one se
parameters for the transition rates. Additional transitio
which are dominant inp-type samples were included in mod
eling the dynamics but had essentially no effect on the sh
of these curves. The only difference in calculation of the t
curves is that the solid and dashed lines use the P conce
tion and sample orientation appropriate to theN15 andN16
samples, respectively. In comparing theN15 andN16 data,
the following observations are especially relevant to tran
tion assignments.~1! The shift of the step near 200 K t
lower temperature with increased concentration of cond
tion electrons confirms that this step results from elect
capture and the formation of MuT

2, consistent with the pre-
vious assignment.~2! The high-temperature drop in the am
plitude of the diamagnetic signal is independent of the f
electron density, confirming that the rate determining ste
thermal ionization of MuT

2.
For lower electron concentrations a similar feature ori

nates from the MuBC
1 state, and signals the onset of a mo

complicated high-temperature charge cycle.6 The change in
trend for this feature, from a downward temperature sh
with increasingne observed for lower concentrations to
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4922 PRB 59B. HITTI et al.
higher temperature forN15 andN16, provided the original
clue that its origin was different for these samples. Sin
MuT

2 dominates the diamagnetic signal forne above the low
1014-cm23 range, the amplitude decrease was assigned
transition involving MuT

2.6 The present data allow the tran
sition process to be studied in more detail, and thus prov
a determination of the MuT

2 ionization energy in silicon. An
alternative explanation could be that a sharp increase in
rates for competing transitions out of the precursor M0

states rapidly decreases the MuT
2 formation probability near

350 K. Were this the case, a perceptible shift to higher te
perature with increased donor concentration would be
served. Such a feature could also arise from hole cap
rather than electron ionization. However, since the temp
ture is below the extrinsic to intrinsic crossover for these
donor concentrations, the minimum resulting energy para
eter would then be the full gap energy which occurs
nh(T). Each of these alternative explanations is ruled out
the present results.

A schematic configuration-coordinate diagram represe
ing the various muonium states in silicon is shown in Fig.
The system includes three particles: the implantedm1 and
two e2, either at the bottom of the conduction band or
calized at the muonium impurity. The energy differences d
played are scaled to the values we obtain. This is an op
tional diagram, meaning that the curves represent the low
energy at each configuration rather than the correspon
potential energy curves. Because of zero-point energy dif
ences and enhanced quantum characteristics in the dyna
of muonium in comparison to hydrogen, the energy para
eters in an analogous diagram for H should be slightly d
ferent, even within an adiabatic treatment where the two c
figurational potential energy surfaces would be identical.

Both Figs. 1 and 4 are drawn with the acceptor le
deeper than the donor level; however, we do not have c
clusive evidence that muonium is a negative-U system in Si
since the configuration energy differenceD must be included
in the comparison. Only ifD is less than 0.35 eV
(ET

2/0-EBC
0/1) can one conclude that muonium is a negativeU

system based on the experimental evidence. Unfortuna
an experimental measurement of the configurational ene

FIG. 4. An idealized configuration-coordinate diagram rep
senting the four states of muonium in silicon. The solid curv
represent the states active inp-type samples, and the broken curv
is for negative muonium which is required for moderately
heavily dopedn-type samples. Experimental values for importa
energy differences are shown. The energy difference between MT

0

and MuBC
0(D) is plotted as 0.2 eV, but has not been determin

experimentally.
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difference between the two Mu0 states appears to be uno
tainable for silicon. Theoretical estimates8,11,12 suggest that
D is a few tenths of an eV, which leaves the question
whether muonium in fact has negativeU still unresolved.

V. CONCLUSIONS

Detailed studies of the diamagnetic rf-mSR amplitude in
two moderately to heavily dopedn-type Si samples require
the presence of MuT

2 for an explanation. Our analysis es
tablishes that the ionization energy for MuT

2→ MuT
01ec

2

is 0.5660.03 eV. This places the muonium acceptor leve
0.56 eV2D below the the conduction-band minimum, whe
D is the energy difference between MuT

0 and MuBC
0 . Since

the muonium donor level depth is near 0.2 eV a
estimates2,8 of D are also;0.2 eV, this result suggests tha
muonium may be a negative-U impurity, but by a consider-
ably smaller margin than the.0.3 eV claimed8 for the
analogous hydrogen system. Based on the muonium re
we would conclude that the rate-limiting step for the ser
of hydrogen transitions leading from H2 to H1 is actually
HT

2→HT
0, and that HT

0 is most likely metastable eve
though it has not been directly observed. If this is true, th
one of the crucial assumptions8 allowing analysis of the hy-
drogen data based on a detailed balance argument with
subset of the states involved would not be satisfied. The n
equivalence of energies associated with ionization of M2

and H2, as well as for energies related to electron-capt
transitions from the stable BC configuration of Mu0 and H0

into their respective negative charge states, provides str
support for the argument that the energy landscape for
lated Mu and H impurities is essentially identical.

Finally, our data on muonium dynamics show a comp
cated set of charge-state transitions which are active o
very short time scale compared to measurement times
most hydrogen experiments. These results imply that b
the muonium and hydrogen impurity systems in silicon
volve a dynamic mix of charge states at ordinary tempe
tures. As a consequence of such rapid transitions, it may
necessary to reexamine additional assumptions underl
analysis of data on hydrogen defect properties which h
commonly relied on the presence of a single state or a sim
transition from one state to another.
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APPENDIX: FOUR-STATE MODEL

The following muonium states are observed in S
MuBC

1, MuT
2, MuBC

0, and MuT
0. In addition, for neutral

muonium the spin of the unpaired electron can point up~i.e.,
parallel to the external field! or down. Many transitions be
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tween these states have been identified and are shown in
2. As discussed in Sec. III, very simple temperatu
dependent expressions are used for the transition rates.

It was observed in Ref. 6 that there is no diamagne
amplitude at low temperature in the near-intrinsic samp
and that this amplitude increases for doped samples. In
four-state model discussed here we assume that all the p
ization at low temperature (T50) is in the two neutral

prompt states MuBC
0(P0,z

MuBC
0
) and MuT

0(P0,z
MuT

0
). The in-

crease in the low-temperature diamagnetic amplitude in
doped samples is attributed to the ionization of P don
during thermalization of implanted muons and the sub
ig.
-

c
,

he
ar-

e
s
-

quent capture of electrons.6 This increase is accompanie
by a decrease in the initial MuT

0 amplitude and is describe
in the four-state model by adding a term proportional
the concentration of P donors to thenT

0/2 capture rate.
However, since no precise information is obtained on th
very rapid processes, they will not be discussed further
this work.

Only the ẑ component of the polarization is detected in
rf mSR experiment. Employing a strong collision model, t
following integral rate equations describe the time evolut
of the muon spin polarization for the various muoniu
states:
m

tral
P
z
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~ t !5 1
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1
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0/2
!~ t2t!dt. ~A1!

The muon’s polarization while in the MuBC
0↑ state is given by~see Appendix B of Ref. 6!:

Gz
MuBC

0↑
~ t !5(

j
f j@cos2qm

↑ j1sin2qm
↑ j cos vm

↑ j t#, ~A2!

wheref j is the occupation fraction,uvm
↑ j u is the strength, andqm

↑ j is the polar angle of the effective field from the up muoniu

electron. Similar equations can be written to describe the time evolution of the polarization for MuBC
0↓@Pz

MuBC
0↓

(t)#.
The time evolution of the polarization for MuT

0↑ is given by
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where the muon’s polarization while in MuT
0↑ is given by13

Gz
MuT

0↑
~ t !5~12a24!1a24 cosv24t, ~A4!

with a24 the muonium precession amplitude andv24 the precession frequency for the 2-4 transition. For isotropic neu

muonium MuT
0, the polarizationPz

MuT
0↓

(t)5Pz
MuT

0↑
(t).

The time evolution of the polarization of the two diamagnetic states are given by
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whereGz
MuBC

1

(t) andGz
MuT

2

(t) are the time evolution of the polarization while in the MuBC
1 and MuT

2 states, respectively
For both cases the time evolution is equal to cos(v1t) on resonance and unity far off resonance.

The Laplace transforms of the polarization are

P̄z
MuBC

0

~s!5

Ḡz
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MuT

2

~s1nT
2/0!P̄z

MuBC
0

~s!#, ~A12!

P̄z
MuT

2

~s!5Ḡz
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The rf-induced asymmetry of the diamagnetic centers (Arf
dia), which is the measured quantity experimentally, is given6

Arf
dia5nm@ P̄z

dia,off~nm!2 P̄z
dia,on~nm!#, ~A15!

wherenm is the inverse muon lifetime, andP̄z
dia,off and P̄z

dia,on are the Laplace transforms of the diamagnetic polarization w
the rf off (v150) and rf on, respectively. This asymmetry contains the polarization history from all precursor state
transitions introduced in this model.
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