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Charge-state transitions of muonium in germanium
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Muonium defect centers in ultrapure germanium show evidence of cyclic charge-state transitions above
approximately 220 K. Detailed analysis of the magnetic-field and temperature dependences of longitudinal
muon spin depolarization rates reveals contributions from both bond-centered and tetrahedral cage-centered
interstitial Mu0 species involved in separate ionization/capture charge cycles. An additional diamagnetic state,
observed as a nonrelaxing fraction, is identified as muonium bound in a slowly formed complex which
dissociates to join these cycles above 350 K. Capture cross sections and ionization energies are extracted and
the most likely identification of states and processes responsible for each transition feature are discussed. A
consistent picture requires a reinterpretation of earlier data as bidirectional site changes for Mu0 which become
active well below 100 K, and indicates a very shallow potential-energy surface for Mu0 in germanium as
compared to silicon.@S0163-1829~99!04627-5#
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I. INTRODUCTION

Hydrogen enters many semiconductor materials dur
crystal growth or in device processing steps, typically for
ing bound complexes with intentional dopants and other
fects, and thereby modifying the electrical activity. The
fectiveness of these ‘‘passivation’’ reactions depends t
significant extent on the mobility and charge state of
isolated hydrogen defect centers. However, except for a
measurements in silicon, there is very little direct experim
tal information regarding the individual isolated hydrog
states, and most reported properties are inferred indire
with assumptions as to which hydrogen center or cen
may be present. Fortunately, data on the light pseudoiso
of hydrogen known as muonium (Mu5@m1,e2#), which is
formed when an implanted positive muon captures an e
tron, have provided a vast wealth of detailed experimen
results on a closely analogous system.1–3 Where data exist
PRB 600163-1829/99/60~3!/1734~12!/$15.00
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for both H and Mu centers, their static properties are
tremely well correlated.3 We have recently been investiga
ing the dynamics of Mu diffusion and transitions among t
various Mu states, concentrating mostly on Si and GaAs4–8

Results of these studies clearly demonstrate that Mu~and by
inference H! undergoes a series of very rapid transitio
above room temperature involving several charge states
structural configurations. These data have yielded signific
information on the atomic-level interactions related to hyd
gen diffusion processes, and have provided hints as to
hydrogen passivation occurs more readily under certain c
ditions than in others.

The relatively complex behavior of muonium in semico
ductors is probably best understood in silicon, which is c
tainly the most extensively studied case. Muonium for
four distinct interstitial defect states or centers in t
diamond-structured materials. Two of these have the m
centered in a stretched host bond. Based primarily on th
1734 ©1999 The American Physical Society
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retical considerations,9 this bond-centered~BC! configura-
tion is the ground state for neutral muonium in Si and is
stable site for the positively charged center. We label th
two states as MuBC

0 and MuBC
1 , respectively. For the othe

two centers the muon resides within the largest interst
cage region in the diamond structure, the center of which
tetrahedral symmetry. In silicon, this so-calledT site is meta-
stable for the neutral state and is the stable configuration
the negatively charged defect. These centers are denote
MuT

0 and MuT
2 , respectively. Although the local energ

minimum for MuT may not be exactly at the cage cente
rapid motion averages out any anisotropy. Of the neu
paramagnetic species, MuT

0 has a large and isotropic hype
fine interaction characteristic of the rather atomiclike nat
of its electronic wave function. The wave function for MuBC

0

has a node at the muon location with the unpaired elec
mostly on the two nearest-neighbor host atoms, resulting
small ^111&-oriented highly anisotropic hyperfine intera
tion. As demonstrated most clearly in GaAs, the isotro
neutral MuT

0 hops or tunnels rapidly betweenT sites, and is
far more mobile than any of the other muonium states.10,11

Even at quite low temperatures, numerous transitions
cur on the time scale of the muon lifetime (2.199ms): these
include changes in the structural configuration, thermal i
izations, interactions with conduction electrons or holes,
perhaps interactions with other impurities. A total of eig
separate processes leading to transitions among the
muonium states have been identified in silicon, with para
eters governing the rate dynamics determined for each.5,6 At
high temperatures, above roughly 400 K for intrinsic Si
rapid muonium charge-state cycle develops. Such a cycle
result from the alternating thermal ionization of Mu0 and
recapture of an electron from the conduction band, altho
a number of other possibilities also exist. Analysis of t
depolarization data4 for high-temperature Mu charge cycle
in Si implies that the effective cycle involves MuT

0
MuBC
1

transitions. Comparison of the relative rates5 for transition
paths out of the individual muonium states as extrapola
from measurements at lower temperatures, indicates tha
relevant cycle in silicon involves three steps:~1! ionization
of the MuBC

0 ground state;~2! an ‘‘activated capture’’ pro-
cess in which the muon changes site, MuBC

1 1e2
˜MuT

0 ; and
finally, ~3! a T˜BC configuration change for Mu0 returning
the system to its initial conditions. The largest activati
energy in this transition cycle is for the electron-capture s
into the mobile metastable MuT

0 state. Muonium charge
cycles are seen in most of the semiconductors investig
thus far. However, except for Si, the only other semicond
tor for which detailed information on the cycle has be
reported8 is metallic n-type GaAs where the high
temperature charge dynamics have been assigned to a2/0
cycle resulting from the alternating capture of electrons a
holes by MuT . Similar charge cycles are expected to be
tive for muonium and hydrogen in the same materials si
thepurely electronicstates and energies are nearly identic
With due allowance for different zero-point energies, the m
grational kinetics of H and Mu should also be qualitative
similar. Based on the charge-cycle and diffusion results
muonium, we have concluded12 that a highly mobile HT

0 cen-
ter should dominate hydrogen diffusion in Si and GaAs ev
e
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though it is not the thermodynamically favored state for is
lated hydrogen in most circumstances.

The present investigation deals primarily with transitio
found for Mu in an ultrapure sample of germanium. Mo
specifically, we concentrate on analysis of the muoni
charge cycles observed in muon spin depolarization4,13 mea-
sured as the relaxation rateT1

21 in a longitudinal magnetic
field, i.e., applied parallel to the initial spin direction. Muo
nium forms the same type of defect centers in Ge as it d
in Si, with the main difference being that theoretic
calculations14 predict that the two neutral species have nea
equal energies in Ge, with MuT

0 slightly lower. Arriving at a
detailed understanding of the muonium transitions in Ge
been considerably more difficult than in Si, where featu
are well separated in temperature thus allowing the dynam
of individual transitions to be cleanly extracted. In ear
transverse-field muon spin rotation (TF-mSR) studies of Ge,
the precession signals for MuT

0 and MuBC
0 were both found to

disappear very near 100 K.1 Temperature-dependen
TF-mSR relaxation rates are reported to give Arrhenius
ergies of 12 and 26 meV, respectively, for transitions out
the two neutral states, with prefactors below 100 MHz.1,15

All of these parameters are exceptionally low compared
values observed for thermal ionization processes of the M0

centers in other semiconductors. The diamagnetic TF-mSR
signal intensity, arising from charged Mu states, increa
only above 150 K in Ge. This increase was analyzed in s
eral n-type Ge samples as due to a MuT

0
˜Mu1 transition

where the parent state was subject to electron spin-flip s
tering prior to ionization.16 The resulting ionization energie
fell within the range of 175610 meV, with prefactors nea
107 MHz, in much better agreement with the ionization r
sults in related materials. We previously published13 prelimi-
nary low-field longitudinal depolarization data for Ge whic
show the onset of charge cycles near 220 K. A partial ana
sis of those data gave an ionization energy of 195 m
assuming a 0/1 cycle with an active MuT

0 neutral state and a
temperature-independent electron-capture cross sec
Those data display a second feature which could not be
plained within the framework of a single two-state char
cycle, and which undoubtedly distorted the prelimina
analysis.

We have now extended the longitudinal depolarizat
measurements on this sample to include both the tempera
and magnetic-field dependences. A more complete ana
of the charge-cycle data and a re-examination of earlier d
on Mu transition dynamics in Ge are presented here, expa
ing on a brief comparison of muonium dynamics in Ge a
Si presented in recent conference proceedings.17 While we
are still not able to conclusively assign all of the individu
transition processes, we discuss and evaluate the most l
options and obtain estimates of the transition rate parame

II. EXPERIMENTAL DETAILS

The germanium sample on which all of the data repor
here were acquired is from an ultra-pure single crystal
tained from ORTEC. The original 75-mm-diameter waf
was 3 mm thick and oriented with the^100& crystallographic
direction normal to the surface. The piece on which m
data were obtained was cut to an octagonal shape with
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1736 PRB 60R.L. LICHTI et al.
proximately 30-mm lateral dimensions. This Ge sample
slightly p type, with a net electrically active impurity con
centration of 5.23109 cm23 as determined from Hall-effec
and conductivity characterization. Based on information p
vided with the sample, other impurities are C at;1015

cm23, Si at;1013 cm23, O at 1012–1013 cm23, and H at the
1015cm23 level initially. Extended periods at high temper
tures under vacuum almost certainly drove off a signific
fraction of the hydrogen during the course of these meas
ments.

The experiments were performed on the MuSR inst
ment of the ISIS Facility at the Rutherford Appleton Lab
ratory and on the M15 and M20b muon beamlines at T
UMF. In each case the positive muon source was a.100%
spin polarized ‘‘surface’’ beam with a momentum
;29 MeV/c. The pulsed nature of the ISIS Facility limi
accurate measurements of muon spin depolarization or re
ation rates to situations where rate constants are less
;10 ms21, while a continuous source such as the TRIUM
cyclotron allows measurement of considerably faster ra
The primary data for this study were obtained in t
longitudinal-field~LF! geometry in which an external mag
netic field is applied parallel to the initial muon spin pola
ization direction.2 The directly measured quantity is th
asymmetryA, in the muon decay rates for positrons emitt
along and opposite to the initial muon spin direction~the
applied field direction! as determined by A5(NF
2aNB)/(NF1aNB). HereNF andNB represent the positron
rates in detectors subtending a significant solid angle in
forward and reverse directions, respectively, and the bala
factor a accounts for differences in detector efficiencies a
geometrical acceptances. Since we are primarily intereste
measuring the depolarization rates, we require the time
pendence of the decay asymmetryA(t). For a continuous
source such as TRIUMF this is accomplished by restrict
the incoming muon flux to<43104 muons/s, so that only a
single muon is allowed in the sample at any time, and ke
ing track of the time between implantation and decay. A
pulsed source such as ISIS, all muons in a single beam p
(;200 muons) are admitted and all of the resulting de
events are placed in the appropriate time bins; however,
uncertainty of the implantation time~pulse width;80-ns
full width at half maximum! restricts measurement of hig
depolarization rates. In either case, each data point typic
results from a histogram containing 5–20 million muon d
cay events depending on the depolarization rates to be m
sured and the accuracy demanded. These LF measurem
are interspersed with normalization runs in a weak~2–8 mT!
transverse field to determinea. This correction effectively
fixes the A50 baseline in the low-field limit for the LF
measurements. For fields above;0.1 T the decay positron
paths are significantly modified by the field, thereby cha
ing the effective detector acceptances and thusa; therefore,
the balance factor is adjusted at higher fields to values
tained under conditions where the full implanted muon fr
tion is known to rapidly depolarize, allowing a direct dete
mination of the baseline. An accurate baseline is espec
important when depolarization rates are small or when m
than one component is present.

In the longitudinal geometry, the absence of spin prec
sion means that separation of the signal intensity aris
s
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from different Mu states is based on analysis of multico
ponent depolarization curves. In the transverse geomet
set of spin-precession frequencies are associated with a
ticular state. Vastly different hyperfine characteristics ide
tify the two neutral paramagnetic centers.1 On the other
hand, the two diamagnetic charged centers Mu1 and Mu2

are nearly impossible to separate spectroscopically; thus,
assignment is based on different transition dynamics and
doping concentration and temperature dependences. In
longitudinal geometry, distinct field dependences for the
perfine decoupling, or ‘‘repolarization,’’ curvesAo(BLF) al-
low identification of components related to MuBC

0 and MuT
0 .1

Additionally, in the limit of slow spin- or charge-exchang
rates, MuBC

0 can be identified as the active relaxing spec
from a characteristic peak in the field dependence of
depolarization rates.18 The low-field TF-mSR data used for
baseline normalizations also yield the total promptdiamag-
neticsignal intensity, which is ordinarily assigned to the su
of the two charged Mu states.

In longitudinal fields which are large enough to decoup
the static local fields due to nuclear moments, any relaxa
of the asymmetry is the result of dynamic processes suc
muonium state transitions or muon motion. These con
quently lead to exponential relaxation functions: they a
true depolarization (T1) processes due to fluctuations in
relevant magnetic parameter rather than dephasing (T2) due
to a distribution of ‘‘static’’ local fields commonly observe
in a transverse-field measurement. Due to the lack of s
precession, longitudinal-field methods are sensitive to re
tion or transition products as well as initial states, provid
only that the muon spin polarization is maintained during
change in muonium state. The analysis of longitudinal de
larization curves takes the form

A~ t !5(
i

A0
i GLF

i ~ t !, ~1!

where the relaxation functions areGLF
i (t)5e2l i t as stated

above. The vast majority of the data from the current stu
were satisfactorily fitted using two components: one relax
due to the charge cycles, and the second from any additi
states not participating in the cycle, and therefore havingl
50.

The muon spin depolarization due to cyclic muoniu
charge-state transitions is related to hyperfine oscillati
while in the Mu0 state, together with randomness in the mu
nium electron’s spin orientation for successive periods in
neutral state.4,2 The effectiveness of each cycle in causi
depolarization is controlled by the lifetime of the Mu0 state
compared to the hyperfine period. In essence, the ran
electron-spin direction is transferred to the muonvia the hy-
perfine interaction resulting in the loss of up to half the
maining polarization during each cycle. The net effect is th
proportional to the overall cycle rate, so it depends on
lifetime of the companion state as well as that of the part
pating Mu0 center.

In interpreting the interactions responsible for the o
served LF depolarization, we have treated the contribut
arising from muonium charge-state cycles within the si
plest possible model involving two states; one of the t
neutral centers and either the Mu1 or Mu2 state.8 No as-
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PRB 60 1737CHARGE-STATE TRANSITIONS OF MUONIUM IN GERMANIUM
sumptions have been made as to other transition routes o
either state, thus we have not invoked detailed balanc
force any specific relationship between rates for the two tr
sitions. In principle, one can extract the temperatu
dependent transition rates along with the Mu0 hyperfine con-
stantAh f from the temperature and field dependences of
depolarization rates, thereby obtaining a full description
the Mu charge-cycle dynamics. Within the simple two-st
model, the field dependence of depolarization rates meas
at a constant temperature are typically fit using the appr
mate expression4,8

T1
21.

1

2 S l0l6

l01l6
D S v0

2

l0
21v24

2 D , ~2!

where l0 and l6 represent the transition rates from Mu0

˜Mu6 and Mu6
˜Mu0, respectively, whilev052pAh f

andv245v0A11x2 with x5B/Bo andBo5Ah f /(ge1gm).
Herege andgm are the gyromagnetic ratios for the electr
and muon, respectively. This expression yields a cu
which is essentially identical to results from a full matr
diagonalization treatment of the complete theory for aniso-
tropic center like MuT

0 .19 It also works well for anisotropic
cases such as MuBC

0 in the extreme limit of rapid transition
rates. In the slow-transition limit the relevant expression
comes much more complicated when the hyperfine inte
tion is anisotropic.

In practice, our procedure has been to fit consta
temperatureT1

21(BLF) curves using Eq.~2! to obtain ap-
proximate values forAh f and the two transition rates for
series of temperatures. The hyperfine values identify the
propriate Mu0 center, since the magnitudes ofAh f for MuT

0

and MuBC
0 are vastly different, and the temperatur

dependent transition rates yield clues as to the transition
cesses. We then refit these data in a more global fashion
the hyperfine constants constrained to follow a linear te
perature dependence consistent with an extrapolation f
low-temperature measurements ofAh f ,1 and with appropri-
ate temperature-dependent expressions inserted for the
sition rates based on initial process assignments. The fin
yields transition rate dynamic parameters for the full set
charge-cycle data. The latter procedure is also more ap
priate for fits to constant-fieldT1

21(T) curves which make up
much of the data from ISIS because of the limited range
magnetic fields available at that facility.

The rate expressions for the various transitions are
least complicated forms consistent with the data and sim
models of the relevant processes. These choices, discuss
more detail in our previous work5 on Mu dynamics in Si, are
summarized as follows. Ionizations or activated site chan

l i (a)5no exp@Ei (a) /kT#, ~3!

carrier capture

lc5nvsc ~4!

and combined carrier capture and site changes

lac5nvkac exp@Eac /kT#, ~5!
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where the final case is labeled asactivated capture. The vari-
ous E’s represent ionization or activation energies,no is a
vibrational prefactor, n and v are the appropriate
temperature-dependent electron or hole densities and ve
ties, sc is the capture cross section, andkac is an effective
total-process cross section for the combined transition.
will become clear in the discussion, we normally assume t
prefactors, energy parameters, and cross sections are
pendent of temperature, making an exception only when
data clearly dictate otherwise.

We must note here that cyclic ionization/capture tran
tions might involve either electrons or holes. It is essentia
impossible to experimentally distinguish between the t
options based on data from a single near-intrinsic sam
Temperature dependences for the capture rates inn- or
p-type samples in the extrinsic region can make such a
tinction while doping concentration dependences, which
quire multiple samples, make a much stronger case for
signment of the specific carrier type. Measurements
doped Ge samples are currently underway to clarify some
the results from the present work which is confined to intr
sic germanium. We did not find any evidence for hole io
ization processes for Mu in silicon, and have, in part, us
this fact to argue that electrons dominate in Ge as well. Ho
ever, if the Mu acceptor level lies relatively close to th
valence-band edge then hole ionization could be import
Preliminary data on doped samples do show additionalh1

capture processes, but appear consistent with the presen
cess assignments in intrinsic Ge.

The assumptions underlying the treatment outlined ab
have worked extremely well in describing data on Mu tra
sition dynamics in silicon, and form the starting point for o
treatment of muonium transitions in germanium. In silic
we primarily used radio-frequency muon spin resonan
(RF-mSR) data to extract transition dynamics and relega
longitudinal depolarization measurements to a qualitat
confirmation role; thus far for Ge we have very limite
RF-mSR results, and the roles have been reversed, with m
of the dynamic information coming from depolarization da

III. RESULTS AND DISCUSSION

The primary data upon which a model of the charge-st
transitions for Mu in germanium has been constructed
displayed in Figs. 1 and 2. Figure 1 shows the field dep
dence of longitudinal depolarization rates measured at
lected constant temperatures. All of these data were obta
at TRIUMF. The time-dependent asymmetry of the mu
decay was fit with two components as described in Sec
one exponentially relaxing due to the cyclic charge-st
transitions, and the second nonrelaxing. The displayed
are the exponential depolarization rate constants obtained
the relaxing component. These curves were initially fit to E
~2! with various assumptions regarding the transition p
cesses and the nature of the charge cycle. For 350 K
above, these fits yielded consistent parameters which imp
a MuT

0 center undergoing ionization and recapture tran
tions. Although interpreted ase2 processes in a 0/1 charge
cycle, identical equations hold if it is a 0/2 cycle with h1

ionization and recapture. When fit individually, the tw
lower temperature curves~250 and 290 K! yield different
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ionization parameters from the higher-temperature data,
yield better fits assuming a small hyperfine constant con
tent with a 0/1 cycle at the BC site. The slightly differen
character of these two curves can be seen on close exam
tion of Fig. 1. Although the 290-K curve fits slightly bette
with the latter assumptions, it could be included in a glo
fit with the higher-temperature data without significantly
tering the parameters. Our criteria for a satisfactory fit
clude both thex2 value and whether the resulting paramet
are physically consistent with the process and cycle assu
tions. The lines shown in Fig. 1 are from the best free fits
each constant-temperature curve.

Figure 2 shows the temperature dependence of relaxa
rate constants obtained at ISIS in low longitudinal~10 mT!
and transverse~8 mT! fields. A few higher-temperature

FIG. 1. Longitudinal-field dependence of the muon spin de
larization rates in ultrapure germanium for selected constant t
peratures. Data are characteristic of Mu charge cycles involving
isotropic Mu0 center. The lines represent best fits to Eq.~2.2! with
all parameters free.

FIG. 2. Temperature dependence of the muon spin depola
tion rates for Ge in the low-field limit. Longitudinal-field dat
~filled symbols! are for BLF510 mT, while transverse-field dia
magnetic relaxation rates~open symbols! are forBTF58 mT. Fits
imply two separate muonium charge cycles with MuT

0 ~high tem-
perature! and MuBC

0 ~peak at;300 K) as the active depolarizin
centers. Solid line fits are from LF data only, while dashed
include TF points for the high-temperature cycle.
nd
s-

na-

l

-
s
p-
o

on

transverse-field points were also taken at 2 mT, and w
consistent with the longitudinal-field data. The TF curve
from the relaxation rate as observed in the diamagnetic
nal and falls below the LF curve for temperatures bel
roughly 370 K. The overall picture which emerges is of tw
separate charge cycles which are probed somewhat di
ently by transverse- and longitudinal-field measureme
Earlier fits13 to the LF data in Fig. 2 and preliminary fits t
the field dependences of Fig. 1 imply that the cycle wh
dominates the depolarization at higher-temperatures invo
MuT

0 and the smaller peak centered around 300 K invol
MuBC

0 as the active neutral centers.13,17 The lines shown in
Fig. 2 are based on further fitting as discussed below,
additional experimental checks which confirm this basic p
ture.

In order to obtain a set of parameters for the cycle invo
ing MuT

0 we compared results from separate but correla
fits to the longitudinal-field dependences from Fig. 1 for 3
K and above and to the temperature dependence from F
above 370 K. These lower limits are approximately the te
perature at which the nonrelaxing component disappears~see
later discussion and Fig. 7!, implying that all of the muons
participate in the same set of depolarizing interactions in
higher-temperature region. Figure 3 shows the hyper
constants and capture cross sections obtained from fits to
individual curves of Fig. 1 assuming an ionization/captu
cycle involving MuT

0 . As will be discussed in detail, the re
sults of Fig. 3~b! are effectivecross sections within a two
state, single-cycle model under conditions where the ac
dynamics are more complicated. These initial results ser
as a starting point for additional fits in which the temperatu
dependences of these two parameters were treated using
cific functional forms. The lower-temperature points are
cluded in the figure although those data certainly cont
contributions from the second charge cycle. The line in F
3~a! is a linear approximation to the hyperfine variation wi
‘‘best-fit’’ parameters from a second round of fits over t
limited high-temperature region as discussed below. Th
values are reasonably consistent with an extrapolation of
rect hyperfine measurements20 on MuT

0 from below 100 K,
included in Fig. 3~a!, which yield aT50 hyperfine constan
of 2360 MHz.

The capture cross sections@Fig. 3~b!# obtained in the ini-
tial fits are temperature dependent, and 2–3 orders of m
nitude smaller than expected fore2 capture by a positively
charged center~or h1 by a negative one!. The neutral center
in this cycle is MuT

0 , while the positive state is in the othe
configuration, MuBC

1 , based on theoretical results;9 thus ac-
tivated capture might be anticipated. When fit as activa
capture the barrier is negative (267 meV), generally con-
sistent with the decrease in cross section with temperatur
displayed in Fig. 3~b!. This explanation is not very satisfac
tory, nor is the alternative of a 0/2 cycle with the muon
staying at theT site and hole ionization and recapture, whi
should certainly have larger~Coulombic! cross sections. All
other cycle and process assignments that were tried gav
least one parameter which was far outside physically acc
able bounds. Specifically, other likely process assignme
for a T site 0/2 cycle,e2 capture and ionization or alterna
ing e2 andh1 capture, resulted in very poor fits even wi
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temperature-dependent parameters unless the hyperfine
stant was allowed to become much larger than that
vacuum, Mu0. Based on this preliminary analysis we ther
fore assigned the high-temperature data to a MuT

0
MuBC
1

1e2 cycle. We will return to a discussion of this result an
a series of experimental checks below. In subsequent fits
capture half of the cycle was somewhat arbitrarily describ
using a power law to account for the temperature-depen
cross sections since it worked better empirically than an
ponential function. Based on Fig. 3~b!, which shows results
from two preliminary fits to the curves in Fig. 1 withAh f
either free~filled symbols! or confined to the linear depen
dence from Fig. 3~a! ~open symbols!, a functional form of
s5soT22 was assigned to the cross sections. With the
ponent free, fits to the data of Fig. 2 are consistent with
choice.

Using the specific choices of functional forms for th
cross sections and hyperfine parameters described ab
separate constrained fits were performed on the data f
Figs. 1 and 2 over the restricted temperature range
;350 K and above. Because of the strong correlations
tween the hyperfine and capture parameters observed in

FIG. 3. ~a! Hyperfine constants and~b! effective capture cross
sections obtained from free fits to the data of Fig. 1 under assu
tions of ane2 ionization and a recapture charge cycle involvi
MuT

0 . The lowest-temperature curve fits better assuming MuBC
0 .

Lines represent best-fit temperature dependences from subse
constrained fits. See the text for details. Hyperfine data below
K in ~a! are direct measurements from Holzschuh~Ref. 20!.
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tial attempts, we choose to quote transition rate parame
obtained with fixed hyperfine parameters. The ‘‘best’’ hype
fine parameters were selected by optimizing agreement
tween the transition parameters obtained from a fit to
three higher-temperature field-dependence curves~Fig. 1!
with those obtained from the low-field temperature dep
dence~Fig. 2!. The most consistent results were obtain
with hyperfine constants~in MHz! of Ah f52385–0.92 T
giving averaged transition parameters ofno5(6.760.8)
3107 MHz, Ei5167.161.5 meV, and so5(7.860.9)
3106 Å 2 K2 with values for the two separate results fallin
within the quoted error bars. Variations inAh f

o anddA/dT of
roughly 640 MHz and 60.05 MHz/K, respectively, re-
sulted in similarx2 values but with somewhat larger differ
ences in transition parameters from the two data sets. In
cases, the ionization energy remained within 16864 meV,
with the prefactor and cross section parameter varying o
considerably wider ranges. The solid lines in Fig. 2 and th
for the parameter variations in Fig. 3 represent the end
sults based on this procedure.

As a final check on our characterization of the hig
temperature cycle, we note that the above fit falls sligh
above the TF data in Fig. 2 down to the shoulder near 300
Since MuT

0 is much more efficient than MuBC
0 in the charge-

cycle depolarization process, we consider the possibility t
the TF relaxation ratesT2

21 above roughly 315 K may be
dominated byT1

21 from the high-temperature cycle and in
clude those TF rates in an expanded trial data set for the MT

0

cycle. A fit to this expanded set, with all parameters fre
yields the following results. The hyperfine constant isAh f
5(2453.862.8)1(0.65960.089) T, and the correspondin
ionization parameters areno5(1.166.42)3107 MHz and
Ei5174.861.2 meV, and the capture cross-section para
eter isso5(1.3460.45)3105 Å 2 K2. This alternative pro-
cedure forms the basis for the cycle separation which lead
the dashed curves in Fig. 2. Fits to the three high
temperature longitudinal field-dependent curves alone w
the hyperfine constants fixed to this result give transit
parameters more consistent with those previously listed.
basic conclusion from this attempt to extend the range
data describing the high-temperature cycle is that the
cluded transverse-field rates should be considered as a l
limit on MuT

0 charge-cycle depolarization rates in the regi
where both cycles contribute.

In order to obtain an estimate for the parameters cha
terizing the transition dynamics associated with the long
dinal depolarization peak near 300 K, the rates result
from the fits to the high-temperature region were subtrac
from the experimental rates shown in Fig. 2. The differen
was then treated as the contribution from a second two-s
charge cycle and fitted to Eq.~2! as before. This estimate fo
the second contribution obviously depends critically on e
trapolation below the;350-K lower limit used in analysis
of the high-temperature longitudinal data, thus we report
sults with and without the TF rates included. In either ca
this procedure yields reasonable parameters for a 0/1 cycle
at the BC site which are generally consistent with resu
from the 250-K field dependence where this second cy
dominates the depolarization. Using the ‘‘free’’ fit to th
combined LF and TF temperature dependence just discu

p-

ent
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yields a MuBC
0 ionization energy of 215610 meV with a

prefactor of (2.160.7)3107 MHz, and a capture cross se
tion of 2488619 Å2 along with an effective hyperfine con
stant of 25–28 MHz near the peak, roughly equal to the l
temperature value ofAi527.3 MHz for MuBC

0 .1 Given the
complications of the data separation and theoretical c
plexity for an anisotropic Mu0 center, these hyperfine value
fully justify the assignment of a cycle involving MuBC

0 , but
should be accorded no additional significance. The das
result for the lower-temperature peak in Fig. 2 is from th
particular fit. When using the parameters obtained by o
mizing the consistency between fits to the TRIUMF and IS
longitudinal-field data as the basis for subtraction of the MT

0

contribution, we obtain a slightly higher MuBC
0 ionization

energy of 229618 meV with a prefactor near 3
3107 MHz and a capture cross section of about 25502

when using temperature-dependent hyperfine parameter
propriate to MuBC

0 . The uncertainties in prefactor and ca
ture cross section were large, as were the variations w
slightly different choices for the BC hyperfine constan
This separation of the two cycles is represented by the so
line fits in Fig. 2 as stated previously. In either of the
procedures the MuBC

0 hyperfine interaction was treated as
effective isotropic average. The uncertainties in separa
contributions from the two cycles do not warrant deali
with the computational difficulties of properly including th
anisotropy. We checked that our data separation proced
did not introduce major inconsistencies by extrapolating
sults for the BC cycle to high temperatures, and found t
its maximum contribution to the depolarization above 350
was only a few percent of the measured rates.

Overall, fits with slightly different constraints have bee
quite consistent for the ionization steps of both cycles,
much less stable regarding capture parameters. There
fairly large correlations between the hyperfine constants
capture cross sections. The available data will not suppo
simultaneous fit to both cycles. They in fact just barely allo
free fits to just one cycle, thus we have presented res
based on making specific choices for the hyperfine par
eters in regions where direct measurements do not exis
requiring consistency with extrapolations from below 100
and with our initial free-parameter fit results. The accom
nying table represents our present best estimate of rate
rameters for Mu transitions in germanium.

We briefly return to questions regarding identification
the charged Mu center in the cycle involving MuT

0 and the
temperature-dependent capture cross sections for that c
The decrease in effective capture cross section with incr
ing temperature is unexpected. In other cases we have
served constant cross sections with the only temperature
pendence occurring inn and v. A plausible explanation
arises if we consider the high-temperature effects from a
cycle with e2 as the active carrier. First, if the two cycle
were completely independent, such as for MuT

0
MuT
21h1

and MuBC
0 
MuBC

1 1e2, one expects similar capture cro
sections typical of Coulomb capture by a charged center
the order of a few thousand Å2. Such a result is obtained fo
the BC case but not for the T-site cycle. Other options for
independentT-site cycle, such as MuT

2
MuT
01e2 or alter-

natingh1 ande2 capture by MuT , were ruled out becaus
-
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unreasonably large hyperfine constants were necessary t
tain decent fits, as previously mentioned. Thus the most c
sistent analysis of our data appears to indicate that the
Mu0 centers remain in their respective sites throughout th
lifetimes, but both are communicating with a common Mu1

state viae2 ionization and recapture. Because of the vas
different hyperfine interactions the effect of these cycles
the muon polarization is quite different. The maximum effe
from MuBC

0 occurs for much slower cycle rates and is th
considerably weaker than that from MuT

0 . Once the cycle
through the BC neutral becomes rapid compared to the MBC

0

hyperfine frequency, its effect on the depolarization becom
negligible, as indicated in the previous paragraph. Howev
the BC cycle continues to occur, and thus reduces the
time available for capture into the competing cycle throu
MuT

0 . The BC capture rate increases more rapidly than
ionization rate based on the fitted parameters. Therefo
greater fraction of time is spent in the MuBC

0 state as the
temperature increases, thereby reducing access to theT

0

cycle. The fact that the muon must change site to enter
MuT

0 state in addition to capturing an electron contributes
making that capture route a less favorable option. This co
bination of factors and the cycle assignments are at le
consistent with a reduced effective capture rate into MuT

0 at
higher temperatures. We have been unsuccessful in
structing a similar qualitative explanation for unexpected
rameter values associated with any of the alternative cha
cycle assignments.

A more thorough theoretical understanding of the deta
of the capture processes and the associated site change
to be developed before a more realistic model of the effec
capture dynamics can be constructed. When the h
temperature data are fit within a simple two-state model,
capture parameters apparently adjust to account for the
ond charge cycle which has little or no direct effect on t
muon depolarization, while the hyperfine and ionization p
rameters which primarily control the depolarization are w
determined. With respect to process assignments, as the
perature increases hole capture may contribute along
electron ionization as a Mu0

˜Mu1 transition process. Mea
surements onp-type Ge samples whereh1 capture occurs a
low temperatures are required to obtain the relevant cr
sections so that rates for the two routes can be compa
Even within a cycle which involves just two states, a missi
transition route may lead to odd parameter values, and
could also contribute to the observed cross-section beha

Our results for cyclic muonium charge-state transitio
particularly the ionization parameters, can be compared
previous studies of Mu transitions in Ge. Both the MuBC

0 and
MuT

0 transverse-fieldmSR signals broaden and disappe
near 100 K,1 and the reappearance of these fractions in
diamagnetic TF-mSR signal occur at higher temperature1

The growth of the diamagnetic fraction between 160 and 3
K in n-type Ge was treated previously16 as an ionization
from MuT

0 to MuBC
1 , although neither site was yet establish

at that time. The energy parameters from that work ag
very closely with the values we obtain from the hig
temperature charge cycle involving MuT

0 , so that we can be
quite confident of this assignment and ionization energy.

In light of the ionization energies obtained in the prese
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work, the nature of the disappearance of the two M0

TF-mSR precession signals near 100 K needs to be r
sessed. We have used a combination of literature data15,21–24

for this purpose, and obtained the following activation en
gies and prefactors: 18.862.0 meV and;81 MHz for the
disappearance of the MuT

0 precession signal and similar low
values of 30.364.5 meV and;48 MHz for MuBC

0 . These
results compare well with energies of 12–14 and 26 m
originally obtained from a subset of these data,1,15,21but are
inconsistent with the charge-cycle ionization energies.
conclude that the low-temperature disappearance of theT

0

and MuBC
0 precession signals is not due to ionization, a

suggest instead that it results from the onset of bidirectio
site transitions for Mu0. By implication, in Ge both theT and
BC sites are visited in the course of diffusion of neut
muonium below;150 K. This contrasts with results5 in Si
where any low-temperature site changes are strongly cou
to charge-state transitions.

Theoretical calculations14 find that the local minima in
total energy for the two Mu0 configurations are at nearly th
same depth in Ge, suggesting that theT site lies slightly
deeper than the BC site. Based on the site-change assign
for the low-temperature Mu0 transitions, we conclude tha
the potential energy surface for Mu0 must be much flatter in
Ge than in Si. The very small difference in barrier heigh
confirms that the two Mu0 centers have nearly identical en
ergies in Ge; however, the data indicate that MuBC

0 remains
the more stable center just as in Si. These fits further im
that the site transitions are initiated by a low-frequency
teraction, such as with acoustic phonons, rather than by
optical-phonon interaction which apparently triggers theT to
BC site transitions in silicon and diamond.25

Several measurements can be performed to seek a
tional evidence supporting low-temperature Mu0 site
changes. Bidirectional site changes will switch the hyperfi
constant between very different values, causing muon de
larization in a longitudinal field. We therefore performe
low-temperature longitudinal depolarization measureme
with the results shown in Fig. 4. At 10 mT a;40% relaxing
fraction is observed at low temperatures along with a miss
fraction of about the same size and a nonrelaxing compo
of slightly above 12%. The various components are temp
ture dependent, and the relaxation does not match the c
acteristics expected from motion of MuT

0 , but rather appears
to imply slow transitions involving that state. The field d
pendence at 75 K~not shown! indicates that the relaxing
component is associated with MuT

0 . We have fit the relaxing
amplitude with a simple model for bidirectional transitio
without attempting to model the relaxation rates in det
The line in Fig. 4~b! represents this fit which yielded barrie
of roughly 25 and 55 meV, with MuBC

0 representing the
lower-energy state. Because of simplifications in the mo
these energies are only approximate; however, these re
are consistent with assignment of slow Mu0 site changes to
the low-temperature transitions, and confirm the gene
characteristics derived from the TF-mSR data. Several addi
tional qualitative checks have shown nothing which is
compatible with this assignment.

For completeness, we include the TF-mSR data on the
diamagnetic state in the same germanium sample. Figu
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shows the amplitude, relaxation rate, and phase for the
magnetic precession signal at 8 mT. This signal can be
to either Mu1 or Mu2 as well as any diamagnetic Mu com
plex such as a Mu-impurity pair. The visible signal in the
transverse-field measurements represents only diamag
states formed rapidly compared to the precession freque
of any precursor state because of the phase coherenc
quirements. The primary features associated with transi
dynamics in these data are step increases in the amplitud
a function of temperature and dips in the phase, both
which imply transitions into one of the diamagnetic M
states. In the displayed data, the rise in relaxation rate s
ing at 220 K is associated with the charge cycles; these
were included in Fig. 1 along with the longitudinal-field d
polarization rates. The largest dip in phase, peaking near
K and the rise in amplitude between 150 and 200 K coinc
with the ionization of one or both of the Mu0 centers. The
weaker feature in the phase and a very small step in am
tude occurring near 100 K may be related to the Mu0 site
transitions, and would be consistent with one of the M0

states being a precursor to a slowly formed bound Mu st
most likely to occur when the highly mobile MuT

0 center
encounters some specific impurity. As discussed below,
phase feature at very low temperatures may be from a sim
process.

Other evidence exists for strong interactions of muoni

FIG. 4. The low-temperature longitudinal-field relaxation da
for Mu in Ge: ~a! relaxation rate and~b! relaxing fraction versus
temperature below the onset of charge cycles. The curve in~b! is
from a simplified model of Mu0 site transitions.
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1742 PRB 60R.L. LICHTI et al.
with impurities in germanium. TF-mSR data on MuT
0 in

doped Ge, specificallyn-type samples15 below the donor ion-
ization temperature (T,20 K) and samples doped with is
ovalent Si,22 show strong interactions of the mobile neutr
center with impurity atoms. We interpret these relaxat
data as evidence for charge-transfer interactions of the t

MuT
01I0

˜MuT
21I 1, ~6!

where this particular polarity for the charge transfer is app
priate for donor impurities. The ionized product states w
be strongly attracted to each other and may form a bo
pair @Mu,I#. The phase feature at very low temperatures
Fig. 5~c! likely arises from interactions of this type, as d
low-temperature MuT

0 relaxation rates which are proportion

FIG. 5. Transverse-fieldmSR precession data for the diama
netic Mu states in Ge:~a! diamagnetic amplitude,~b! relaxation
rate, and~c! phase as a function of temperature.
l
n
e

-
l
d

n

to I 0 concentrations.15 Our RF-mSR data on the present G
sample show a time-integrated diamagnetic fraction ab
50% at low temperatures~TRIUMF data, Fig. 6! compared
to about a 10% fraction visible in the TF-mSR precession
measurements@Fig. 5~a!#. The combination of these result
implies a slowly formed diamagnetic Mu state even at
very lowest temperatures. The increase in the diamagn
fraction in the RF data between 100 and 200 K is rela
either to ionization yielding Mu1, or to the site-change tran
sitions for Mu0 which cycle more muons through the mobi
T site species and the associated increase in interactions
impurities. The decrease near 200 K is a signal of the on
of charge cycles. The RF data imply that the slowly form
diamagnetic state remains a significant fraction until ab
400 K at which point it dies out quickly. From the da
discussed thus far, this state could either be an isolated MT

2

or a bound@Mu,I# pair. Optical excitation measurements26 on
n-type Ge imply a slowly formed diamagnetic state with
level outside the band gap, consistent with formation o
@Mu,donor# pair.

The final piece of evidence related to a bound Mu st
comes from the nonrelaxing fraction observed in our lon
tudinal depolarization measurements. In the charge-excha
regime this second signal represents a muon in some diam
netic state which is not participating in the charge cycl
The temperature dependence of the nonrelaxing fractio
shown in Fig. 7 over the temperature region where this sig
disappears. We have fit the disappearance to an activ
process, initially assuming MuT

2 ionization, and obtained an
energy parameter of 0.74860.012 eV. This energy is in fac
larger than the Ge band gap in this temperature region~0.655
eV at 350 K!, and therefore cannot be assigned to therm
ionization of MuT

2 . This leaves a bound@Mu,I# pair as the
most plausible assignment, in which case the energy par
eter is for pair dissociation. Based on the reported impu
content, C, Si, and O are by far the highest concentra
contaminants. Carbon is known to form clusters in Ge a
does not provide a large concentration of isolated defe
Both O and Si are strong candidates; oxygen easily fo

FIG. 6. RF-mSR data for Ge. The normalized time-integral di
magnetic intensity as a function of temperature. The line is inten
as a guide to the eye. Comparison with Fig. 5~a! implies a diamag-
netic state slowly formed at low temperatures and persisting to n
400 K.
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O-H bonds in many situations, and silicon is known
strongly interact with MuT

0 in Ge, causing low-temperatur
relaxation which could indicate pair formation.22 Because of
the demonstrated interaction of silicon impurities with t
mobile MuT

0 center, we suspect that the observed state
bound@Si,Mu# pair, but cannot make a firm identification.

Finally, in order to check for overall consistency of th
model of Mu transition dynamics which emerges from t
present work, we compare the relative transition rates wh
result from our process assignments and the associated
namic parameters as summarized in Table I. Figure 8
plays all of the transition rates obtained for isolated mu
nium states in intrinsic Ge as a function of temperature. F
of all, we see that above approximately 220 K the slow
transitions of this set are the Mu0 site changes, because
their low prefactors. Therefore, in the region where t
charge cycles are active the fitted ionization rates are m
more rapid than the site transitions, fully consistent with
physical picture of separate relaxation peaks due to MuT

0 and
MuBC

0 . Furthermore, it becomes apparent that the cha
cycles are initiated by rapid growth of the electron-capt
rates in the intrinsic case represented by this ultrapure
sample. The capture rates into MuT

0 reach the site-chang
rates roughly 30–50 K higher than does capture into MuBC

0 ,

FIG. 7. The nonrelaxing amplitude vs temperature from lon
tudinal relaxation measurements on Ge in the charge-cycle reg
This signal is identified as a bound-Mu complex. The fitted cu
yields a dissociation energy of 0.75 eV.
a

h
dy-
s-
-
st
t

ch
e

e
e
e

consistent with the fits in Fig. 2. In heavily dopedn-type
samples where the electron capture rates are controlled
the extrinsic e2 concentrations, one would expect the
charge cycles to become active at lower temperatures w
the ionizations become rapid. Additionally, at higher don
concentrations there would likely bee2 capture by MuT

0 to
form the MuT

2 state, which we do not observe in the prese
sample, and the possibility of a 0/2 cycle at theT site which
would become active when MuT

2 ionizes.
Returning to the present situation, there are three a

tional crossover points observed in Fig. 8 where one mi
expect to see changes in dynamic features, particularly
measured depolarization rates. One of these is at 11
where the ionization becomes faster than the site change
MuT

0 . Examining the various experimental data sets, the
crease in RF-mSR diamagnetic fraction occurs at rough
120 K ~Fig. 6!, there is a discontinuity in the LF relaxatio
rates near 100 K@Fig. 4~a!#, and small features may b
present in the TF parameters near 100 K~Fig. 5!. While it is
difficult to say for sure whether any of these specifica
result from ionization or are simply related to the s
changes, at least the RF feature appears to be well corre
with this rate crossover. The second point is at roughly 1

-
e.

e

FIG. 8. Summary of temperature-dependent rates for transit
between isolated muonium centers in ultrapure Ge based on
present work. The charge-state transitions are identified ase2 ion-
ization and capture processes; the transition rate parameter
listed in Table I.
r the
TABLE I. Transitions identified for muonium in germanuim along with current best estimates fo
parameters describing the transition dynamics.

Mu transition Rate parameters

Charge transitions for MuBC
0 :

MuBC
0
˜MuBC

1 1e2 nBC
0/152.93107 MHz EBC

0/15229618 meV
MuBC

1 1e2
˜MuBC

0 sBC
1/0525506400 Å2

Charge transitions for MuT
0 :

MuT
0
˜MuBC

1 1e2 nT/BC
0/1 56.73107 MHz ET/BC

0/1 5167.161.5 meV
MuBC

1 1e2
˜MuT

0 @sBC/T
1/0 57.83106T22 Å 2# a

Site transitions:
MuT

0
˜MuBC

0 nT/BC
0 581 MHz ET/BC

0 518.862.0 meV
MuBC

0
˜MuT

0 nBC/T
0 548 MHz EBC/T

0 530.364.5 meV

aEffective cross section when data are fit to a two-state, single-charge-cycle model.
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1744 PRB 60R.L. LICHTI et al.
K, where the MuBC
0 ionization becomes faster than the s

change. This temperature corresponds to the onset of gro
of the TF-mSR ~Fig. 5! amplitude and a major dip in phas
implying a transition into a diamagnetic state, thereby id
tifying these features with ionization transitions. The th
point is just below 400 K where the extracted rate fore2

capture to form MuBC
0 exceeds the MuBC

0 ionization rate.
This is especially interesting as it relates to our argum
regarding the reduced capture rates for the competing c
nel into MuT

0 . Above this crossover the fitted rates imply th
more time is spent as Mu0 than as Mu1 in the charge cycle
for which the muon stays at the bond-centered locati
Overall, we find that the total picture presented here is in
nally consistent. Furthermore, we have not found any ot
data which rule out any part of this picture. Thus we a
reasonably confident that the major assignments within
model are basically correct. A portion of the Mu dynamics
Ge which is definitely missing are the various hole p
cesses. Adding the hole-related transitions as well as th
involving Mu2 mentioned above must await results
doped Ge samples. Such data will also serve as a fairly s
gent test of a number of the present process assignmen

IV. CONCLUSIONS

In conclusion, we have used the measured longitud
depolarization rates in an ultrapure Ge sample to extract
ionization and electron capture dynamics associated w
rapid cyclic muonium charge-state transitions. Two sepa
charge cycles are found for Mu in germanium, one involvi
the MuT

0 center and the second involving MuBC
0 . In both

cases the data are best fit assuming a 0/1 charge cycle with
electron ionization and recapture as the transition proces
The implication is that both neutral centers communic
.
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with a common MuBC
1 state during the cyclic exchange o

electrons with the conduction band. The resulting ionizat
energies are approximately 0.17 and 0.23 eV, respectiv
for the T and BC configurations. Both of these energies
much larger than the activation energies obtained previou
for the low-temperature disappearance of the TF-mSR pre-
cession signals from MuT

0 and MuBC
0 . The 100 K transitions

out of these states have consequently been reassigned
directional site changes for Mu0. With this assignment, we
determine that the BC configuration is slightly (;12 meV
from previous TF-mSR data! more stable than theT site for
Mu0 in germanium, and that the barrier and prefactors
very small for Mu0 site changes. The resulting model
transitions among isolated Mu states in Ge appears to
internally consistent, and satisfactorily explains numero
experimental features in intrinsic Ge. Further tests on
transitions in doped samples are required to verify proc
assignments and to add the Mu2 state and hole processes
order to obtain a complete picture of muonium dynamics
germanium. We find evidence of a bound Mu state, ten
tively assigned to a@Si,Mu# pair, which is slowly formed
from a mobile MuT

0 precursor and has a binding energy
0.75 eV.
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