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Evidence for muonium passivation inn-doped Ge
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Two different diamagnetic muon states have been identified through their response to bulk electronic exci-
tation in crystallinen-type Ge: one, found above;100 K, rapidly charge exchanges with photogenerated
carriers, while the other, seen at low temperatures, shows little or no such behavior. The electronic inactivity
of the latter state~Mu2, produced by a slow charge-transfer reaction between muonium and an impurity donor
atom! further suggests that the electronic level is located outside the energy-band gap, equivalent to ‘‘muonium
passivation’’ of the donor.@S0163-1829~97!09207-2#
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Electronic excitation processes in nonmetallic mater
have recently become a topic of intensive study. Excitat
can be a means of creating hitherto unknown metast
states which may serve as potential channels~reactive inter-
mediates! in the synthesis of materials, or be useful in oth
applications. In particular, it is well known that in semico
ductors and ionic crystals bulk excitation leads to tempor
changes in the local electronic structure at sites such as
fect centers, in some cases resulting in local atomic mig
tion. In recent experiments we found evidence of migrat
of muonium centers~muonium, Mu, is an analog of atomi
hydrogen in which the proton is replaced by a posit
muon! in crystalline silicon between the tetrahedral inters
tial site ~Mu T

0) and Si-Si bond center site~MuBC
0) induced

by photoexcitation.1 The details of the process involved
this muonium transition are the subject of continuing inv
tigation.

The current state of knowledge about the dynamical pr
erties of atomic defects under thermal and/or electronic
citations ~including defect metastability and associated s
change! in semiconductors is still rather limited compare
with the situation regarding their equilibrium structure.
this regard, hydrogen isotopes are no exception, despite
apparent simplicity; the accumulated knowledge largely
lates to the electronic structure of isolated~paramagnetic!
muonium centers, for which high-resolutionmSR ~muon
spin rotation, relaxation, and resonance! ~Ref. 2! spectro-
scopic techniques analogous to electron paramagnetic r
nance and electron-nuclear double resonance are avail
The situation is more difficult where the study of diama
netic muon states (md , i.e., m1 or Mu2) is concerned, as
such high-resolution spectroscopy is not possible due to
absence of the electron-muon hyperfine interaction. Fo
nately, there have been some attempts in recent years t
dress the defect dynamics through study of the muon
centers in crystalline Si under photoexcitation1,3 or at high
temperatures.4,5
550163-1829/97/55~7!/4035~4!/$10.00
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In this paper we show that charge-exchange–sp
exchange interaction between implanted muons and ex
carriers may serve as a probe of the electronic state of
magnetic muons in semiconductors. We found that amd state
slowly formed at lower temperatures inn-Ge does not inter-
act with photoinduced excess carriers, suggesting that
electronic level associated with themd state is not in the
band gap. Since themd state seems to be Mu2 formed by a
process MuT

01d0→MuT
2d1, the result is strong evidenc

that the observations correspond to the passivation of do
levels by MuT

0 centers, a phenomenon of crucial importan
in determining the electronic transport properties
semiconductors.6 A secondmd state, observed above;100
K, undergoes rapid cyclic charge exchange reaction with
cess carriers,1 strongly suggesting that it is the ionized sta
of the bond center muonium MuBC

1, with its associated
electronic level in the band gap as predicted by theory.

The experiment was conducted primarily at the RIKE
RAL Muon Facility in the Rutherford Appleton Laboratory
which provided a pulsed~70-ns width, 50-Hz repetition!
beam of nearly 100% spin-polarized muons with a mom
tum of 27 MeV/c. A part of the measurement was perform
at the Meson Science Laboratory, University of Tok
~UTMSL, located at National Laboratory for High Energ
Physics, Tsukuba!. The single-crystal Ge specimen describ
in Ref. 1 ~subsequently discovered to ben-doped with Sb,
with @Sb#;1014 cm23 estimated fromr;15 V cm! was
used again in the current experiment. The experimental
paratus is similar to that previously used,1 except that a
flashlamp with higher light intensity was adopted for t
RAL experiment. The time-differentialmSR spectra were
measured under alternate switching of illumination betwe
‘‘on’’ ~flash! and ‘‘off’’ ~no-flash! states at every muon beam
pulse, with data sorted into two independent histograms b
front-end processor to minimize systematic error from mu
beam fluctuation.

It is known from earlier experiments that themd state
observed above 100 K is formed quasipromptly from a pa
4035 © 1997 The American Physical Society
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FIG. 1. Time spectra of decay positron asym
metry in n-Ge with ~‘‘on’’ ! and without~‘‘off’’ !
illumination at various temperatures under L
50.01 T. Note that there are two componen
one corresponding to an immediate reduction
asymmetry upon illumination, and another slow
relaxing with a slightly increased relaxation ra
under illumination.
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2 K
magnetic precursor~probably MuT
0) with a temperature de

pendent transition rateL(T)5T1/2L0exp(2Ea /kT) with an
activation energyEa50.184(7) eV.7 In the ‘‘dark’’ ~unillu-
minated! specimen, as the temperature is raised, the tra
tion rate approaches the hyperfine frequencyv0 of Mu T

0

centers ~e.g., L;73108 s21 at 200 K, while
v0/2p52.3593109 s21), leading to a recovery of muon
polarization. Figure 1 shows the time spectra under long
dinal field ~LF50.01 T! obtained with and without illumina-
tion above 100 K, where significant reduction ofm-e decay
asymmetry is seen upon illumination; note that a de
asymmetry of;0.2 corresponds to 100% muon polarizatio
The amount of reduction corresponds to the asymmetry
the quasipromptmd state, and indicates that the polarizati
of themd state is lost by illumination withind;70 ns~i.e.,
the muon beam pulse width!. Such fast polarization loss i
attributed to cyclic charge exchange with photoinduced c
riers. The depolarization rate corresponds to the charge
change raten at this LF range,8 and thus Fig. 1 indicates tha
n>d21;107 s21. An excitation spectrum obtained usin
band-pass filters shows a Gaussian-like peak of ph
induced relaxation ofmd at 0.72 eV with a full width at half
maximum of 0.15 eV, indicating that interaction with exce
carriers generated by bulk excitation near the band-gap
ergy ~0.67 eV! is predominant. The excess carrier dens
np estimated from the measured photon influx was ab
1015 cm23. The cross section for themd carrier interaction is
then estimated to bes.n/(npv)>10215 cm2, which is typi-
cal ~if v.107 cm/s is a typical Fermi velocity!.

On the other hand, a more interesting aspect of th
spectra is that there is another component which exhi
moderate depolarization only weakly affected by illumin
tion. The yield of quasipromptmd decreases monotonicall
with decreasing temperature, and is negligibly small~less
than 5%, corresponding asymmetry,0.01! below 10 K.
However, as seen in Fig. 2~c! the time spectra under a low
longitudinal field ~50.01 T! show an asymmetry reductio
larger than that expected from the depolarization of the q
sipromptmd state alone. Moreover, the spectra in Fig. 2 co
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sist of relaxing and nonrelaxing components with relat
amplitudes dependent on the applied longitudinal field, a f
ture characteristic of slow irreversible conversion from
state undergoing spin-exchange–charge-exchange intera
to the final nonrelaxing state. The time evolution of the lo
gitudinal polarization for the transition MuT

0→md is given
by

PT/d~ t,x!.PT/d
~0! ~x!e2~k1l!t1PT/d

~`!~x!, ~1!

PT/d
~0! ~x!.

~n/k!~112x2!

~11n/k1x2!~212x2!
, ~2!

PT/d
~`!~x!.

112x2

212n/k12x2
, ~3!

l5n/~11x2!,

FIG. 2. Time spectra of decay positron asymmetry in Ge at 1
with ~‘‘on’’ ! and without~‘‘off’’ ! illumination with ~a! LF50.34,
~b! 0.1, and~c! 0.01 T.
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where n is the spin-exchange–charge-exchange r
k(!v0) is the conversion rate, andx5(gm2ge)B/v0 is the
normalized external field~with gm andge being the respec
tive muon and electron gyromagnetic ratio, andv0 the muo-
nium hyperfine parameter!.2,9 The residual polarization
PT/d
(`)(x) corresponds to the yield of the final diamagne

state. It is then clear from Fig. 2 that the conversion proc
is weakly affected by illumination to reduce the final-sta
polarization, but that the final state itself is unaffected: o
erwise the final-state polarization would necessarily h
been completely lost under illumination. This is in mark
contrast with the diamagnetic state seen at higher temp
tures, where fast depolarization due to spin-exchan
charge-exchange interaction was observed un
illumination.1

Further understanding of the process at low temperat
is obtained by an analysis of the detailed field dependen
of the LF-mSR spectra~‘‘repolarization patterns’’!. We
found the time-dependent positron decay asymmetry in d
n-Ge to obey

A~ t,x!5A0Pz~ t,x! ~4!

5A0@ f1/TP1/T~ t,x!1 f T/dPT/d~ t,x!1 f TPT~x!

1 f BCPBC~x!#, ~5!

PT~x!5~112x2!/~212x2!, ~6!

whereA0(.0.2) is the experimental asymmetry,f a is the
relative yield of respective states@with a51/T and T/d
corresponding to the states undergoing processesmd
~prompt, probably MuT

1)→MuT
0, MuT

0 ~prompt!→md ,
and T and BC to stationary~nonreacting! Mu T

0 and
MuBC

0 centers, overall satisfying(a f a51#, andPa(t,x) is
the corresponding polarization function.@For PBC(x) see
Ref. 10!.# The first term describing slow MuT

0 formation is
necessary for a self-consistent analysis of the present d
and may be expanded as

P1/T~ t,x!5P1/T
~0! ~x!e2k8t1P1/T

~`! ~x! ~7!

5@e2k8t1~112x2!#/~212x2!,
~8!

with k8 the MuT
0 formation rate. Note that the field depe

dence of Eq.~7! is very different from Eq.~1!, particularly at
t50, where Eq. ~7! leads to unit polarization while
PT/d
(0) (x)1PT/d

(`)(x)5PT(x) in Eq. ~1!. In addition, a fraction
of MuT

0 was found to remain intact irrespective of illumin
tion, and is included as the third term in Eq.~5!: we have
confirmed in a recent experiment that the MuT

0 state itself
is not influenced by illumination.11 Then the initial asymme-
try A(0,x) versus field @A in Fig. 3~a!# is well repro-
duced by assuming the presence of MuT

0( f T1 f T/d;0.7),
MuBC

0 ( f BC;0.15), and a fraction which undergoes delay
(k8;1026 s! Mu T

0 formation (f1/T;0.15).
The residual asymmetry

A~`,x!5A0Pz~`,x!5A0@~ f1/T1 f T!PT~x!1 f T/dPT/d
~`!~x!

1 f BCPBC~x!# ~9!
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consists of nonrelaxing MuT

0 and a diamagnetic state slowl
generated from MuT

0→md conversion. The fractional yield
for the former component is about 0.3 ([ f1/T1 f T), while
for the latter it is 0.55 ([ f T/d). The best fit for dark Ge is
obtained whenn/k. 1

3 in Eq. ~1!, with n;106 s21 from the
time spectra in Fig. 2. The result is shown as curveB in Fig.
3~a! which reproduces theA(`,x) data in dark Ge.

The effect of illumination corresponds to an increa
in the ration/k in Eq. ~9! as represented by curveCT/d in
Fig. 3~a! @i.e.,A(`,x) with n/k.1#. The residual asymme
try at, e.g., LF5531024 T @see Fig. 3~a!# then originates
solely in the delayedmd state @A0f T/d /(212n/k).0.03#
and the MuT

0 state@A0( f1/T1 f T)/2.0.03#, which are not
depolarized under illumination. This indicates that the fin
md state does not interact with excess carriers. The va
n/k.1 suggests that the conversion process is controlled
the kinetic parameterk. This is supported by the fact that th
effect of illumination is saturated at this photon intensi
Inclusion of a transition process betweenT and BC sites
does not explain the observed change in the repolariza
pattern: Figure 3~b! shows that the difference
An/k51/3(`,x)2An/k51(`,x) ~curve B-CT/d) is in reason-
able agreement with the data, while other fitting attempts
to reproduce the gross features of the field dependence.

FIG. 3. ~a! Longitudinal field dependences of the initialm-e
decay asymmetry~crosses! and the asymptotic (t→`) asymmetry
with ~circles! and without ~triangles! illumination. Solid (A, B,
CT/d) curves are calculated using the model described in the t
Dashed curves use models including a site cha
MuBC

0→MuT
0(CBC/T) or MuT

0→MuBC
0(CT/BC). ~b! The differ-

ence in asymptotic asymmetry between illuminated and unillu
nated conditions~diamonds!, where the curves are calculated fro
those in~a!.
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Earlier experimental results give convincing evidence t
the spin relaxation observed in Ge is due to the trapping
muonium by impurity donor atoms~with a concentration of
1014 cm23).2,12 ~Donor impurities lead to higher relaxatio
rates than acceptors.! The present result is consistent wi
this model: the observed conversion process is interprete

MuT
01d0→MuT

2d1, ~10!

i.e., the trapping of MuT
0 by a donor atom~Sb! followed by

the transfer of an electron from the donor to MuT
0. ~Note

that n/k;1 is also consistent with this interpretation.! Thus
the kinetic parameterk is interpreted as a trapping rate2

Another fraction of MuT
0 is never trapped by donor atom

and gives rise to the stationary MuT
0 component in Eq.~9!;

this is consistent with observations on quantum diffusion
Mu in Na-doped KCl, where a fraction of Mu never encou
ters the Na impurity.13 The absence of charge exchange b
tween the finalmd centers and excess carriers under illum
nation supports the presumption that themd at this
temperature is MuT

2, and thus different from the diamag
netic component observed at higher temperatures~presum-
ably MuBC

1). More importantly, this is also in line with the
absence of an electronic level associated with MuT

2d1 in
the band gap, i.e., passivation of the donor level by m
nium: an electronic level in the gap can interact with ho
and/or electrons near the band gap energy, and so a cha
state with its energy level in the gap would be subject
neutralization processes with a ratesnpv;107 s21.

Finally, we note that illumination seems to have no effe
either on MuBC

0 or on isolated MuT
0. The presence o

MuBC
0 centers is clearly demonstrated by the LF repolari

tion behavior over the field range below 0.005 T (A in Fig.
3!. The residual asymmetry has similar low-field featur
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under both dark and illuminated conditions, indicating th
the polarization associated with MuBC

0 is intact. The analy-
sis in Fig. 3~b! also indicates that the paramagnetic-t
diamagnetic conversion process does not involve MuBC

0.
Since neither MuT

0 nor MuBC
0 seems to interact with

photoinduced carriers, it is impossible to tell which is t
ground state by the current result. However, the result~to-
gether with the fact that MuT

0 indeed interacts with donors!
does indicate that the electronic level~s! associated with
muonium in Ge may be as deep as acceptor levels or e
not in the energy band gap, in marked contrast with the c
in Si where MuT

0 centers interact with photo-induced carr
ers efficiently even at 10 K in a fashion quite consistent w
the current model in which muonium levels are located in
upper half of the gap1.

In summary, we have shown that the electronic level
sociated with the MuT

2 center inn-type Ge is not located in
the energy band gap, as evidenced by its failure to particip
in charge-exchange reaction with excess carriers induce
bulk electronic excitation, and in contradistinction to the ca
of MuBC

1. The result is consistent with the interpretatio
that the donor inn-Ge undergoes diffusion-controlled ‘‘muo
nium passivation.’’ The present study is the precursor o
systematic investigation of the dynamical behavior of the
muon states as a function of donor atom concentration
type. Additionally, quantitative information on the nature
the muon-donor interaction will be obtained by observi
coupled transitions of the muon and donor using the avoi
level crossing resonance technique.2
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