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Temperature-dependent diamagnetic amplitudes from radio-frequency muon spin-resonance data on two
moderately to heavily dopeattype silicon samples require the presence offMuWe determine the My to
Mu;° ionization energy to be 0.560.03 eV for silicon, considerably higher than the ddbi to Mugc®
ionization energy of 0.2£0.01 eV. Thus muonium will be a negatileimpurity only if the energy differ-
ence between the MB and Mu® configurations is less than 0.35 eV. The Mut(/thermodynamic level
correlates well with results for monatomic hydrogen, but the M(Q) level is estimated to be shallower than
that claimed for HE/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 centE8163-18209)11107-X]

[. INTRODUCTION several features im-type samples at intermediate doping
levels. Delayed formation of the negative charge state from
The structure and dynamics of muonium (M *e™) in  the Muc? initial fraction compared to the rate originating
crystalline silicon have long been recognized as directly relfrom Mu;°, as previously reporte¥’ confirms that a site
evant to understanding the analogous hydrogen defect ceshange is required consistent with the expected Maon-
ters in semiconductors:* Hydrogen impurities are of inter- figuration. In the present paper we present more detailed re-
est primarily because of their ability to electrically passivatesults for transitions involving neutral muonium and Mu
many impurities and defects. Isolated hydrogen is difficult towhich dominate in more heavily dopeetype Si. Our analy-
study, since high concentrations of a single state are resis indicates that My~ thermally ionizes with an ionization
quired, and H quickly forms complexes with itself or other energy of 0.56 eV, leaving Mu in the metastable neutral state
defect species. In comparison, muonium nearly always reMu-°. This result establishes that tfiesite negative— neu-
mains isolated for times on the order of the muon lifetimetral ionization energy for muonium is greater than the neutral
(7,~2.2 ps). The muon has a mass, approximatelysth  — positive ionization energy for the BC site which was pre-
that of the protonm,, and Mu can be considered a light viously determined to be 0.21 éVThe BC result closely
isotope of hydrogen with qualitatively similar chemical and corresponds to the thermodynamic Mu{Q/ level depth,
physical properties. while the T-site ionization measurement represents an ex-
Two types of neutral interstitial muonium centers havetreme upper limit on the depth of Mwe{/0) below the
been observed at low temperature in semiconductors. Theonduction-band edge, as discussed below. We must stress
stable configuration of Muin Si has the muon at or near a that within the muon lifetime the muonium defect system
bond-center(BC) site Musc; the second configuration is does not reach thermal equilibrium, except perhaps at very
metastable in Si and is located within a tetrahedfalinter-  high temperatures. Therefore, unlike typical measurements
stitial region My°. In addition to these neutral states, on hydrogen impurities, observed transitions are those which
charged muonium centers occur. prtype Si, the charged drive the system toward equilibrium, rather than those which
center is positive and channeling studidsave shown it would eventually maintain the mix of populations undey-
to reside near a BC site My", consistent with theoretical namid equilibrium conditions.
expectationg:? In this paper we report on results for the  Fast capacitance transient measurenidmse placed the
negative charge state which we observe in moderately tthermodynamic acceptor level for monatomic hydrogen near
heavily dopedh-type Si, and which is statlén the tetrahe- midgap in crystalline Si, more than 0.3 eV below the donor
dral configuration My ™. level, leading to the conclusion that hydrogen has a large
Of particular interest are the dynamics of transitionsnegative “effective Coulomb energy'i;e., that hydrogen is
among the four states of muonium. Earlier we reported dea negative-U impurityln such a system two neutral hydro-
tailed measuremerftsn transitions involving Mpc, Mu+°, gen defect centers can lower their energy by changing'to H
and Mysc*, which are the only states present appreciably inand H™ as(quasistatig equilibrium states. In comparing hy-
p-type, intrinsic, and low-concentratiantype Si, and quali- drogen and muonium energy relationships, one must account
tatively described the behavior of Murequired to explain for the fact that the Mu energy level results are based on
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CB CB precession period for the muon spin in the precursor state.
ﬁ 7 (2) The presence of a strong rf field implies that only a center
b o . BC which satisfies the resonance condition is detected. These
Mu(-/0) Mug, features make the rf technique ideally suited for investigating
A EY° transitions among the various muonium centers in semicon-
— ductors.
Muy The most recent experiments were performed at
TRI-University Meson Facility, where positive muons with
(a) (b) ~100% spin polarization were implanted into two silicon
samples, designated &kl5 andN16. N15 has a net phos-
phorus (P) concentration of 1510 cm 2 and a(100
FIG. 1. The relationship between thermodynamic levalsand ~ face, andN16 is a(111) sample with a donor concentration
the single-site electronic energiés for muonium in silicon. The 0f 5x 10" cm™3. The amplitude of the diamagnetic signal
configurational contributior is significant, but not known experi- was measured at a fixed oscillator frequency of 27.1 MHz by
mentally. The very small differences in the configuration energy forvarying the external magnetic field around 2 kG. The field
different charge states at each individual site are neglected. was applied parallel to th€l00) and(111) crystallographic
direction for N15 and N16, respectively. Both of these
ionization dynamics and represent energy differences besamples were used in the previous stlidyn that
tween two charge stateg a single sitewhile the hydrogen experimertt a thermocouple, placed outside the coil on the
numbers are assigned to energy differences between tH@ron nitride substrate used to mount the sample, measured
stable configurationgor each charge state,gd", Hgcl, the temperature difference between the substrate and a cali-
and H-~. The essential difference is that the change in thérated Si diode located on the Cu housing that holds the coil
configurational energy between the metastable statg” Mu assembly. Because of the heavy doping the rf heating of the
and ground state My°(A) must be included in the Mu N16 sample itself due to eddy currents was large, resulting in
acceptor level in addition to thEsite “ionization” energy, @ large temperature gradient and a large uncertainty in the
giving Mu(—/0)=E;’°~A. Figure 1 explicitly shows the temperature of the sample. To determine the temperature
relationships we are assuming between the single-site ele£10re accurately, we re-examined bd#15 andN16 at re-
tronic energies for muonium and the associated thermodyduced rf power to minimize the heating and with a platinum
namic levels as traditionally used in discussing impuritythermometer placed inside the rf coil in much better thermal
states in semiconducto?sin constructing this diagram we contact with the sample. For the new measurement an rf

have also assumed that the Mu ionization processes place tRéwer of 100 W was used to produceBa of about 5 G
ionizede™ at the bottom of the conduction band. inside the coil. Under these conditions the uncertainty in the

A second important result from investigations of muo- Measured temperature was less than 1 K. The improved tem-
nium dynamics is that our data show quite rapid charge-statBerature measurement has allowed us to reliably distinguish
conversions involving all four of the Mu states which are dynamic features related to transitions involving Muand
much more complicated than the reactions assumed in an2 determine more accurately the relevant dynamic param-
lyzing the hydrogen daththus raising some questions re- €ters.
garding the validity of the assumptions underlying that
analysis. A critical assumption, based in part on details of the
calculational modef,was that no metastable’Htate exists Observed transitions among the Mu states in Si are repre-
in silicon. For the analogous muonium system the metastablgented schematically in Fig. 2. The solid arrows represent the
Muy? is separated from the ground state dliby a barrier  gransitions active in near intrinsic angtype samples, and
of 0.38 eV. If one accepts that the physical properties of Mithe dashed arrows additional interactions which become im-
and H centers are qualitatively similar at ordinary temperaportant inn-type samples. Because of the increased concen-
tures, then equivalent transitions involving a metastaly® H tration of conduction electrons;™ scattering and capture
state s_hould be included in the analysis of data on hydrogeprocesses are much more importantitype samples than in
dynamics. p-type and near-intrinsic samples. When the rate for electron
capture by My is fast compared to the inverse muon life-
time, Mu;~ will form at lower temperatures, where the
Mu1°— Mugc? site change remains slow. Additionally, con-

The technique used in this study, referred to as radioduction electron scattering which can flip the Melectron’s
frequency muon spin resonance 8R), has been de- spin becomes an important depolarizing mechanism, and
scribed in detail elsewhefeTwo features of this method othere™ capture transitions are enhanced. One of these,
make it particularly attractive for the present stufy). The  capture at Myc?, will also lead to a My~ final state. Thus
experiment, performed in a longitudinal fie{t!) geometry, at higher temperatures, transitions out of Mwan be inves-
detects a given center independently of whether it is formedigated provided that the formation probability for this state
promptly upon muon implantation or formed slowly by a remains sufficiently high.
transition from a precursor Mu state. This is not generally the The model we have used in an updated fit to the &R
case in transverse fiel@f), experiments where the require- data is a more complete version of the strong collision model
ment of phase coherence limits observation of final states tased previouslY.A full set of parameters resulting from the
only those transitions occurring within a small fraction of themore complete model are given in Table I. In addition to
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Ill. DYNAMIC MODEL AND ANALYSIS METHODS

Il. EXPERIMENTAL DETAILS
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Mur what higher temperature replaces the double step in the dia-
BC " . 0 .
/ o/+ magnetic amplitudé® In addition, charge exchange and a
/o i Vae similar spin-exchange process due to spin-flip scattering are
Vo | very effective muon depolarizing mechanisms when the ex-

1]

ot oy Yr/BC ot o4 change rates are approximately equal to the’ Myperfine
(Mug<--> Muy) (MuBCj"'>MuBC) frequency. Proper modeling of the Mucharge cycles and
/ h —/0 e related depolarization mechanisms is especially important
o/ ! ) Yr e for weakly n-type samples, and yields significantly improved
Ty e parameters foe~ capturet®
MUy < —— ’O;_ Temperature-depende_nt ionization, a(_:tivation, anpl_ capture
Vpe/t rates are used to describe the dynamics of transitions be-

tween the various muonium states, as outlined in Fig. 2.
FIG. 2. Observed transitions among the four muonium states imhere are four types of transitions involving different physi-
silicon. The solid lines are for reactions activepriype samples ¢ processes: ionizatiori)( thermal activation for simple
and at high temperature in the lightly dopedype samples. The gjte changesd), carrier capture at a specific site)( and
broken lines are for processes important in moderately to heav”%tctivated capture for combinesl” capture and site-change

dopedn-typc_e samplgs ar_ld m_the Il_ghtly d_Op_ed samples at low tem'transitions(ac). The following simple expressions are used to
perature. Differene™ spin orientations within the two Mustates describe these processes: lonizatiaotivation:

are indicated separately.

Vi(a)= Pi(a)©XH — Eja) /KT]. (1)
including a fourth state, My, and the associated transi- Capture:
tions, the new version more accurately models the muon po-
larization following recapture of as~ by Mugct by sepa- Ve=Ngl 0 - 2
rately treating electrons having the same and opposite spin
orientation as the preionization electron; see the Appendix ctivated capture:
Since the hyperfine parameter of is anisotropic, the _
effective magnetic field at the mu% due to the unpaired Vao™ NeleKac EXH ~Eac/KT]. )
electron differs depending on the direction of the electrorp, E, o, and x are the vibrational prefactor, energy, cap-
spin. As a result, when My ionizes, the polarization trans- ture cross section, and composite site-change—electron-
ferred to the ionized product has a complicated temperatureapture cross section, respectively, amdand v, are the
dependence which was treated in Appendix B of Ref. 6density and mean thermal velocity for conduction electrons.
Qualitatively, the anisotropy of My’ produces a double Similar hole-capture transitions occur frtype material, but
step in the diamagnetic amplitude vs temperature curve reare unimportant in these samples. Integral rate equations de-
sulting from the ionization. However, when electrons are rescribing the evolution of polarization for each center are
captured by Myc", the result is a charge-exchange cyclewritten and solved using Laplace transform methods for the
and the differences due to thee spin orientation become case where the charged center is on resonance; see the Ap-
effectively averaged. The net effect is that when the recappendix. The notation we use for specific parameters obtained
ture rate becomes sufficiently rapid a single step at a somdrom fitting to the transition dynamics indicates the initial/

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

Mu transition Rate parameters
BC charge-state transitions:
Mugc’—Muge +e~ pdE=27x10 571 EY:=0.21+0.01 eV
Mugl+h™— Mugc® odi=20+2 A?
Mugc " +e~ —Mugc® os0=3300+300 A?

T charge-state transitions:
MUT0+e_—>MUT_ (T-O|—/_=8i2 AZ
Mu;~—Mu;%+e” pr0=2.0x10" 57! E;°=0.56+0.03 eV

Site-change transitions:
Mu7°— Mugc® pYpc=4.1x10" 571 E%pc=0.38+0.03 eV

Combined charge and site transitions:
Mugct +e~—Mu° Kpor=2.3x101° cn? Eso:=0.40+0.02 eV
Mugc®+e” —Muy~ k9o =8.4x107° cn? EY.;=0.31+0.01 eV
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1.0 ' ' ' ' 8.4x107° cnP(xY5y). In modeling this step it is important

to include the BC charge-exchange cydienization to
Mugc' and electron recapture to Mgf) as discussed ear-

. lier, which results in a single step near 200 K whenMus
formed instead of the double step expected if BC charge
exchange did not occur. The parameters used for the BC
ionization rate are those obtained fromitype samples,
where the ionization is not complicated by recapture; an
ionization energy of 0.21 eVE(g’é) and a frequency prefac-

0 100 =00 300 400 500 tor of 2.7x 10" s~ (p%%). These values are slightly differ-

Temperature (K) ent than those given in Ref. 6 due to reexamining ftel

FIG. 3. Normalized riu SR amplitudes for negative muonium in sample W'.th the improved temperaturfz meesure_ment. The
N15 (circles, solid ling, a (100) sample with a net phosphorus Cross section ]‘or electron caEture at MU obtained in Ref.
concentration of 1.5 101 cm™3, andN16 (squares, broken ling 6 is inappropriately _small foe capture by a charged center
a(111) sample with a donor concentration ok30' cm 2. The ~ a@nd the less complicated model failed to adequately repro-
filled circles and squares are the data with the improved temperatu@ice the data from BC ionization in lightly dopewdtype
measurement. The olN15 data from Ref. Gopen circley agree ~ Samples(see, e.g., samplé&l12 in Ref. 6. Including the
with the newN15 data. A 5-K correction was added to the tempera-€lectron-spin-dependent features related to the BC charge
ture of the oldN16 data(open squarédo account for the rf heating cycle in the model significantly improves the fit, and yields a
of the sample, as discussed in Sec. II. more reasonable capture cross-section of 3308 a2

from data on the cyclic processes,

Normalized Amplitude

final charge(superscriptand site(subscript of the transition

end states; that i€;° for the T-site ionization energy dis- Mugc’—Mugc" +e7, (6)
cussed earlier, dE$ 5 for the site-change barrier related to iy, lightly dopedn-type sample<?
t_he transition from the metastable to stable Mwnfigura- Finally, we turn to the primary result from our reinvesti-
tion. gation ofN15 andN16. We can now say with considerable
confidence that for these samples the drop in the amplitude at
IV. RESULTS AND DISCUSSION high temperature results from thermal ionization of {Mu

The normalized rfxSR amplitudes for diamagnetic muo- and the subsequent onset of&ite charge-exchange cycle,

nium as a function o_f temperature INhlS (ci_rcles) end N16 Mu;~ < Mu+e". @
(squaregsare shown in Fig. 3. We begin discussion of these o

data withN15, a(100)-oriented sample wit a P concentra- The parameters for the ionization step, an energy of 0.56
tion of 1.5 1015 cm 3. Details of the arguments for most =0.03 eVE;™) and a prefactor of 10" s *(p7’°), are
transition assignments have been presented previfimlye ~ determined by taking the average of values which best repro-
we present a final assignment, summarize the observed trafluce this feature in each sample independently. Parameters
sitions and present updated parameter determinaiiems for the capture half of the cycle were determined from the
Table |). Starting from the lowest temperature, the initial 50-K feature, as discussed earlier, where that transition oc-
amplitude is larger than for near-intrinsic samples, and igurs in isolation.

attributed to ionization of P donors during thermalization of ~ The two curves in Fig. 3 are calculated using one set of
implanted muons and the subsequent capture of two ele@arameters for the transition rates. Additional transitions
trons, although no precise information is obtained on thes#hich are dominant ip-type samples were included in mod-
very rapid processes. The next feature with increasing terreling the dynamics but had essentially no effect on the shape
perature is the rise near 50 K, corresponding to the temper#f these curves. The only difference in calculation of the two
ture at which P ionizes thermally. This feature is attributed tocurves is that the solid and dashed lines use the P concentra-

electron capture by Mg, tion and sample orientation appropriate to &5 andN16
samples, respectively. In comparing tH&5 andN16 data,
Mu%+e —Mur~, (4)  the following observations are especially relevant to transi-

tion assignments(l) The shift of the step near 200 K to

lower temperature with increased concentration of conduc-

yields a cross section of 8 %(UO,,) for electron capture by tion electrons confirms_ that this step _results _from electron
T capture and the formation of Mu, consistent with the pre-

Mu+°. : : . .
T . vious assignmeni2) The high-temperature drop in the am-
The second feature with increasing temperature, a SharF‘?I‘itude of the diamagnetic signal is independent of the free

step near 200 K, is a_SS|gned to a combined electron capiu ectron density, confirming that the rate determining step is

and site change leading to MU, thermal ionization of My~ .

(5) For lower electron concentrations a similar feature origi-
nates from the Mg" state, and signals the onset of a more

Fitting this step in theN15 sample to the rate expression in complicated high-temperature charge cytlEhe change in

Eq. (3) yields an activation energy for this transition of 0.31 trend for this feature, from a downward temperature shift

eV (EY5r), and an effective total-process cross section ofwith increasingn, observed for lower concentrations to a

with the temperature dependence controllednpyfrom the
donor ionization. Fitting the 50-K step in tHd¢15 sample

MUBCO+ e — MUT7 .
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difference between the two Mustates appears to be unob-

tainable for silicon. Theoretical estimafé$!? suggest that
A is a few tenths of an eV, which leaves the question of
whether muonium in fact has negatitdestill unresolved.

V. CONCLUSIONS

Detailed studies of the diamagneticgfSR amplitude in
two moderately to heavily dopedtype Si samples require
the presence of Mu for an explanation. Our analysis es-
tablishes that the ionization energy for Mu— Mu°+ e,

FIG. 4. An idealized configuration-coordinate diagram repre-is 0.56-0.03 eV. This places the muonium acceptor level at
senting the four states of muonium in silicon. The solid curvesp 56 e\~ A below the the conduction-band minimum, where
represent the states activeprtype samples, and the broken curve A is the energy difference between Mtand MLgc- Since
is for negative muonium which is required for moderately t0 o muonium donor level depth is near 0.2 eV and

heavily d_opedn-type samples. Experlmental_ values for important estimated® of A are also~0.2 eV, this result suggests that
energy differences are shown. The energy difference betwegf Mu - S . -
muonium may be a negativg-impurity, but by a consider-

0 . .
and My (A) is plotted as 0.2 eV, but has not been determlnedably smaller margin than the-0.3 eV claimed for the

experimentally. analogous hydrogen system. Based on the muonium results
we would conclude that the rate-limiting step for the series
of hydrogen transitions leading fromHto H* is actually
;" —H:° and that H° is most likely metastable even

higher temperature foN15 andN16, provided the original
clue that its origin was different for these samples. Sinc
MUI d(_)gnlnates the diamagnetic signal fgrabove the low though it has not been directly observed. If this is true, then
10*-cm range, the amplitude decrease was assigned 0 g of the crucial assumptidhallowing analysis of the hy-
transition involving My ~." The present data allow the tran- yroqen data based on a detailed balance argument within a
sition process to be studied in more detail, and thus providgpset of the states involved would not be satisfied. The near
a determination of the My ionization energy in silicon. An o ivalence of energies associated with ionization of Mu
alternative explanation could be that a sharp increase in thgq H-, as well as for energies related to electron-capture
rates for competing transitions out of the precursor’Mu yansitions from the stable BC configuration of Mand H
states rapidly decreases the Muformation probability near  jnq their respective negative charge states, provides strong

350 K. Were this the case, a perceptible shift to higher temg 501t for the argument that the energy landscape for iso-
perature with increased donor concentration would be 0bryiaq Mu and H impurities is essentially identical.

served. Such a feature could also arise from hole capture Finally, our data on muonium dynamics show a compli-

rather than electron ionization. However, since the temperasateq set of charge-state transitions which are active on a
ture is below the extrinsic to intrinsic crossover for these ne(,ery short time scale compared to measurement times for
donor concentrations, the minimum resulting energy paramyost hydrogen experiments. These results imply that both
eter would then be the full gap energy which occurs inge myonium and hydrogen impurity systems in silicon in-

nn(T). Each of these alternative explanations is ruled out by, e a dynamic mix of charge states at ordinary tempera-
the present rgsults. ) ) i . tures. As a consequence of such rapid transitions, it may be
_ A schematic configuration-coordinate diagram representaecessary to reexamine additional assumptions underlying
ing the various muonium states in silicon is shown in Fig. 4-ana|ysis of data on hydrogen defect properties which have

. X ) ; .
The s_yste_m includes three particles: the |m_plaryred and commonly relied on the presence of a single state or a simple
two e, either at the bottom of the conduction band or 10-y;ansition from one state to another.

calized at the muonium impurity. The energy differences dis-
played are scaled to the values we obtain. This is an opera-
tional diagram, meaning that the curves represent the lowest
energy at each configuration rather than the corresponding The authors wish to thank S. K. Estreicher for a critical
potential energy curves. Because of zero-point energy diffefreading of this manuscript, and numerous discussions of re-
ences and enhanced quantum characteristics in the dynamigged theoretical results. It is also a pleasure to thank K. H.
of muonium in comparison to hydrogen, the energy paramchow and C. Schwab for valuable discussion and experi-
eters in an analogous diagram for H should be slightly dif-mental assistance. This work was supported by grants from
ferent, even within an adiabatic treatment where the two conthe U.S. National Science Foundatig@rant Nos. DMR 96-
figurational potential energy surfaces would be identical.  23611(T.L.E.) and DMR 96-23823R.L.L.)], and the Robert

Both Figs. 1 and 4 are drawn with the acceptor levelp, welch FoundatiofGrant No. D-1321(R.L.L.)].
deeper than the donor level; however, we do not have con-

clusive evidence that muonium is a negativesystem in Si
since the configuration energy differensemust be included
in the comparison. Only ifA is less than 0.35 eV The following muonium states are observed in Si:
(E{’O—Eg’g) can one conclude that muonium is a negative- Mugc™, Mur™, Mugc®, and My®. In addition, for neutral
system based on the experimental evidence. Unfortunatelynuonium the spin of the unpaired electron can pointiie,

an experimental measurement of the configurational energyarallel to the external fiejdor down. Many transitions be-
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tween these states have been identified and are shown in Figuent capture of electrofisThis increase is accompanied
2. As discussed in Sec. Ill, very simple temperature-by a decrease in the initial Ml amplitude and is described
dependent expressions are used for the transition rates. in the four-state model by adding a term proportional to
It was observed in Ref. 6 that there is no diamagnetiGhe concentration of P donors to théﬁ" capture rate.
amplitude at low temperature in the near-intrinsic sampleHowever, since no precise information is obtained on these

and that this amplitude increases for doped samples. In th@ery rapid processes, they will not be discussed further in
four-state model discussed here we assume that all the polafis work.

ization at low temperaturgT(=0) IS tne OtWO neutral Only thez component of the polarization is detected in a
prompt states Mat’(Py,%) and My®(Py;™). The in-  rf uSR experiment. Employing a strong collision model, the
crease in the low-temperature diamagnetic amplitude in théllowing integral rate equations describe the time evolution
doped samples is attributed to the ionization of P donor®f the muon spin polarization for the various muonium
during thermalization of implanted muons and the subsestates:

o7 0 o7 0/+ 0/—
piﬂUBC(t)zépg"sBC G'ZV'“BC (t)e~ (vec *vecimht
t 07 () 0/+, 0/—
0 Mu: Mu — + t—
+VT/BCIOPZ T (7)G, B (t—r)e (*sc B dr

t o1 —
+ gl [ P (g (1 e e e g (AD
The muon’s polarization while in the Mg°' state is given bysee Appendix B of Ref.)6
o7 i i j
GQAUBC =2 fj[cos?ﬁlj+sin2ﬂL‘ cos ijt], (A2)
i

wheref; is the occupation fractiodlww is the strength, ana?Lj is the polar angle of the effective field from the up muonium

ol
electron. Similar equations can be written to describe the time evolution of the polarization @P{R@"”BC 1.
The time evolution of the polarization for I\S;]D is given by

07 0 07 —
PMT (1) = 1PN GMT (e (heet

0z
t + o7 0 0/—
+3vec f P} ()G (t—r)e rectrT N 7dg
0
o[t - ) 0 =
+307" f PY“T (NG (t- e mect T (g, (A3)
0

where the muon’s polarization while in MY is given by

o1
GYT (1) = (1~ ag0) + 4 COSwaA, (A%)
with a,, the muonium precession amplitude and, the precession frequency for the 2-4 transition. For isotropic neutral
: o oL o1
muonium My®, the polarizatioP '™ (t)=P>"T (t).
The time evolution of the polarization of the two diamagnetic states are given by
+ t 07 0| /0 /0

P} (t)=vg¢ fO[PQA“BC (7)+PMec” (1) 1GMect (1 7)o~ (vec + vecm) (- 7)dl 7 (A5)

and

- t 01 0l - =10
M - M M M — 20—,
P, ()= vg’c/TL[PZ B (1) + P, YlsC (1]G, To(t—7re vt Tdr

t o1 0] - _
+0" J [P (1) + P (n)]GYMT (t—m)e 77, (A6)
0
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Mugc™ Mur ™~ . . N S " _ .
whereG, "¢ (t) andG, " (t) are the time evolution of the polarization while in the pi and My~ states, respectively.

For both cases the time evolution is equal to eg$] on resonance and unity far off resonance.
The Laplace transforms of the polarization are

1 0 — 0
“Mugc®| + pMuge 0 Muy
G, 5 Po,z + VT/BCCPo,z

E’Z‘/'UBCO( )= T = , (A7)
E'ZVIUBCO: a‘zvluscm(SJr vec +vaom) +G _MUBC (s+vae +vherm) » (A8)

_ %_‘z\AUTOT(S+ Vyect v )
€= 1— ;%9 EQAUT (s+ V¥/0)6'ZVIUTOT(S+ Wectv?) , A9
D= ( V%BCVE(/:(/)TE"‘ % Vg(’:O) vg/é @UBJ(S"‘ géo"‘ Vgé?T) + V'IO'/BCV'F /O”(t;/E/TﬁzlI UTi(S—" V;/O)' (A10)
PYUC (5)=18E B (st g+ gl P (9) (ALY
P (9) = 2C PR + v PR e (9)+ v P GUT (s+ 17 P (9)], (A12)
PIT () =G (54 v ) g PL e (9)+ 19 PLT(9)], (AL3)
PY3(s)=PYec’ (5)+ PIT (s). (A14)

The rf-induced asymmetry of the diamagnetic cent@l‘#al, which is the measured quantity experimentally, is giveh by
Adia_ VM[Egia,off( v,)— puiacn vl (A15)

wherew,, is the inverse muon lifetime, arl°" andPY*"are the Laplace transforms of the diamagnetic polarization with
the rf off (w;=0) and rf on, respectively. This asymmetry contains the polarization history from all precursor states and
transitions introduced in this model.
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