PHYSICAL REVIEW B VOLUME 55, NUMBER 7 15 FEBRUARY 1997-I

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 statéMu ~, 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 dono.S0163-1827)09207-2

Electronic excitation processes in nonmetallic materials In this paper we show that charge-exchange—spin-
p _paper _ g ge-sp
have recently become a topic of intensive study. Excitatiorexchange interaction between implanted muons and excess
can be a means of creating hitherto unknown metastablgarriers may serve as a probe of the electronic state of dia-
states which may serve as potential chanielactive inter- Magnetic muons in semiconductors. We found tha, state
mediatesin the synthesis of materials, or be useful in otherSIoWly formed at lower temperatures inGe does not inter-
applications. In particular, it is well known that in semicon- &Ct With photoinduced excess carriers, suggesting that the

ductors and ionic crystals bulk excitation leads to temporar I;r::éror;c lgi\;ﬁ:leatisocf,:;g !V;;%tshfg t?(taak;eru:‘zrnmoé lea thae
changes in the local electronic structure at sites such as de- 9ap. R Y

fect centers, in some cases resulting in local atomic migrab: oce>> My®+d°~Muy_d", the result is strong evidence
) ’ ; gmn > M4t the observations correspond to the passivation of donor
tion. In recent experiments we found evidence of migratio

» . " ) MU i I £ atomi Nevels by Mu;° centers, a phenomenon of crucial importance
of muonium centergmuonium, Mu, is an analog of atomic i, " jetermining the electronic transport properties of

hydrogen in which the proton is replaced by a positivegemiconductor8.A secondu, state, observed above100
muon) in crystalline silicon between the tetrahedral mterstl-K, undergoes rapid cyclic charge exchange reaction with ex-
tial site (Mu+°) and Si-Si bond center siugc®) induced  cess carriers strongly suggesting that it is the ionized state
by photoexcitatiort. The details of the process involved in of the bond center muonium M ", with its associated
this muonium transition are the subject of continuing inves-glectronic level in the band gap as predicted by theory.
tigation. The experiment was conducted primarily at the RIKEN-
The current state of knowledge about the dynamical propRAL Muon Facility in the Rutherford Appleton Laboratory,
erties of atomic defects under thermal and/or electronic exwhich provided a pulsed70-ns width, 50-Hz repetition
citations (including defect metastability and associated sitebeam of nearly 100% spin-polarized muons with a momen-
change in semiconductors is still rather limited compared tum of 27 MeV/c. A part of the measurement was performed
with the situation regarding their equilibrium structure. In at the Meson Science Laboratory, University of Tokyo
this regard, hydrogen isotopes are no exception, despite theiy TMSL, located at National Laboratory for High Energy
apparent simplicity; the accumulated knowledge largely rePhysics, TsukubaThe single-crystal Ge specimen described
lates to the electronic structure of isolatquaramagnetic  in Ref. 1 (subsequently discovered to Ibedoped with Sb,
muonium centers, for which high-resolutignSR (muon  with [Sb]~10 cm™2 estimated fromp~15 Q cm) was
spin rotation, relaxation, and resonanc®ef. 2 spectro- used again in the current experiment. The experimental ap-
scopic techniques analogous to electron paramagnetic resparatus is similar to that previously uskaxcept that a
nance and electron-nuclear double resonance are availabfashlamp with higher light intensity was adopted for the
The situation is more difficult where the study of diamag-RAL experiment. The time-differentiak SR spectra were
netic muon statesyy, i.e., u* or Mu~™) is concerned, as measured under alternate switching of illumination between
such high-resolution spectroscopy is not possible due to théon” (flash and “off” (no-flash states at every muon beam
absence of the electron-muon hyperfine interaction. Fortupulse, with data sorted into two independent histograms by a
nately, there have been some attempts in recent years to aftlent-end processor to minimize systematic error from muon
dress the defect dynamics through study of the muoniunbeam fluctuation.
centers in crystalline Si under photoexcitafidror at high It is known from earlier experiments that the; state
temperature$? observed above 100 K is formed quasipromptly from a para-
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magnetic precursaiprobably Mu°) with a temperature de- sist of relaxing and nonrelaxing components with relative
pendent transition rate (T)=TY2A jexp(—E,/kT) with an  amplitudes dependent on the applied longitudinal field, a fea-
activation energyE,=0.184(7) eV’ In the “dark” (unillu-  ture characteristic of slow irreversible conversion from a
minated specimen, as the temperature is raised, the transstate undergoing spin-exchange—charge-exchange interaction
tion rate approaches the hyperfine frequengy of Mu:°  to the final nonrelaxing state. The time evolution of the lon-
centers (e.g.,, A~7x10° s ! at 200 K, while gitudinal polarization for the transition M3— uq is given
wol2m=2.359x 10° s~ 1), leading to a recovery of muon by

polarization. Figure 1 shows the time spectra under longitu-

0 — (K e
dinal field (LF=0.01 T) obtained with and without illumina- Prja(t,)=Py(x)e” V' PEi(x), (1)
tion above 100 K, where significant reduction @fe decay )
asymmetry is seen upon illumination; note that a decay PO (x) = (v/k)(1+2x°) @

asymmetry of~ 0.2 corresponds to 100% muon polarization. (14 v/k+x%)(2+2x%)"
The amount of reduction corresponds to the asymmetry of

the quasiprompjy state, and indicates that the polarization P) ()~ 1+2x?

of the uq state is lost by illumination withins~ 70 ns(i.e., Td(X)= 24 2vl k+2x°’
the muon beam pulse widthSuch fast polarization loss is

attributed to cyclic charge exchange with photoinduced car- A=v/(1+x%?),

riers. The depolarization rate corresponds to the charge ex-

change rate at this LF rangé and thus Fig. 1 indicates that 0.225
v=6"1~10" s~ 1. An excitation spectrum obtained using '
band-pass filters shows a Gaussian-like peak of photo- 0.2
induced relaxation ofcq at 0.72 eV with a full width at half Mivsstens t0a8 Zqgans s s 0o s
maximum of 0.15 eV, indicating that interaction with excess o5l T T e
carriers generated by bulk excitation near the band-gap en- :
ergy (0.67 eV) is predominant. The excess carrier density 015 &?—EL Joff .-
0.125}

()

n, estimated from the measured photon influx was about
10' cm 3. The cross section for they carrier interaction is
then estimated to be= v/(n,v)=10"'*>cm?, which is typi-
cal (if v=10" cm/s is a typical Fermi velocily

On the other hand, a more interesting aspect of these
spectra is that there is another component which exhibits B

o : . 0.075F TS

moderate depolarization only weakly affected by illumina- “on
tion. The yield of quasiprompt.y decreases monotonically

H . . P 005 1 1 1 1 L
with decreasing temperature, and is negligibly snibdks 0 2 4 6 8 10 12
than 5%, corresponding asymmetry0.01) below 10 K. TIME (us)
However, as seen in Fig(@ the time spectra under a low
longitudinal field(=0.01 T) show an asymmetry reduction  FIG. 2. Time spectra of decay positron asymmetry in Ge at 12 K
larger than that expected from the depolarization of the quawith (“on” ) and without(“off” ) illumination with (a) LF=0.34,
sipromptu state alone. Moreover, the spectra in Fig. 2 con-(b) 0.1, and(c) 0.01 T.
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where v is the spin-exchange—charge-exchange rate,
k(< wg) is the conversion rate, ant=(y,,— ye) B/ wq is the
normalized external fiel@with y,, and y, being the respec-
tive muon and electron gyromagnetic ratio, anglthe muo-
nium hyperfine parametet® The residual polarization
P(T°,°,§(x) corresponds to the yield of the final diamagnetic
state. It is then clear from Fig. 2 that the conversion process
is weakly affected by illumination to reduce the final-state
polarization, but that the final state itself is unaffected: oth-
erwise the final-state polarization would necessarily have
been completely lost under illumination. This is in marked
contrast with the diamagnetic state seen at higher tempera-
tures, where fast depolarization due to spin-exchange—
charge-exchange interaction was observed under

ASYMMETRY

illumination! E
Further understanding of the process at low temperatures  — .
is obtained by an analysis of the detailed field dependences g
of the LFuSR spectra(“repolarization patterns). We =
found the time-dependent positron decay asymmetry in dark ~ ~— .
n-Ge to obey 2]
<C
A(t,x)=AgP,(t,x) (4)
=AolLf /7P /7(t,X) + f1/gPrja(t,X) + FrP(X) QQ 1 I QQ5 02051 ) :4
+facPec(¥)], (5) FIELD (T)
Pr(x)=(1+2x?)/(2+2x?), (6) FIG. 3. (a) Longitudinal field dependences of the initial-e

decay asymmetrycrosses and the asymptotict(—~o) asymmetry
with (circles and without (triangles illumination. Solid @A, B,
Cq/q) curves are calculated using the model described in the text.
Dashed curves use models including a site change

where Ag(=0.2) is the experimental asymmetrf, is the
relative yield of respective statdsvith «=+/T and T/d
corresponding to the states undergoing procesggs
(prompt, probably My")—Mur®, Mur® (prompd— sq, Mugc®— Mut%(Caerr) o Mur®—Mug?(Crisa). (b) The differ-

and T and BC to stationary(nonreacting Mu® and  gnce in asymptotic asymmetry between illuminated and unillumi-

Mugc? centers, .overall S?tisfyingafa:_ 1], andP(t,x) is nated conditiongdiamonds, where the curves are calculated from
the corresponding polarization functiofFor Pgc(X) see  those in(a).

Ref. 10.] The first term describing slow My formation is

necessary for a self-consistent analysis of the present data, . . . .
and may be expanded as consists of nonrelaxing Mif and a diamagnetic state slowly

generated from Mg’— w4 conversion. The fractional yield

_ 5(0) — k't () for the former component is about 0.3=€, 1+ f;), while
Por(tx) =PEr(x)e™* + PUr(x) (" for the latter it is 0.55 £frq4). The best fit/for dark Ge is
obtained whernv/ k=1 in Eq. (1), with v~10° s~ from the
time spectra in Fig. 2. The result is shown as cuBvia Fig.
3(a) which reproduces thA(,x) data in dark Ge.
with «' the Mu;° formation rate. Note that the field depen- ~ The effect of illumination corresponds to an increase
dence of Eq(7) is very different from Eq(1), particularly at  in the ratiov»/« in Eq. (9) as represented by cun@rq in
t=0, where Eq.(7) leads to unit polarization while Fig. 3@ [i.e., A(>,X) WLth v/k=1]. The residual asymme-
PO (x) + PL)(x) = Pr(x) in Eq. (1). In addition, a fraction try at, e.g., LF=5X10°" T [see Fig. 8] then originates
of Mu{° was found to remain intact irrespective of illumina- Solely in th% delayeduy state[Aofrq/(2+2v/x)=0.03]
tion, and is included as the third term in E@): we have 2and the My~ state[Ao(f ; 7+ f1)/2=0.03], which are not
confirmed in a recent experiment that the Mustate itself depolarized under |!Ium|nat|or]. This |nd|cate§ that the final
is not influenced by illuminatiof* Then the initial asymme- #a State does not interact with excess carriers. The value
try A(OX) versus field[A in Fig. @] is well repro- ¥/x=1 suggests that the conversion process is controlled by
duced by assuming the presence of ¥itft+ fr/4~0.7), the klnetlt_: par_ame_:ter._Thls is supported_by the fact_that the
Mugc(ch~0.15), and a fraction which undergoes delayedeffeCt of illumination is saturated at this photon intensity.

=[e "4+ (1+2x3)]/(2+2x?),

(k' ~10"® ) Mu+° formation f , ,;~0.15). Inclusion of a Fransition process betwe@inand BC sitgs .
; does not explain the observed change in the repolarization
The residual asymmetry | i
pattern: Figure @) shows that the difference
A(%,X) = AP, X) = Al (1 jr+ 1) Pr(X) + FrjgPS(x)  Avk=1("X) = Ayj=1(,X) (curve B-Cyyq) is in reason-

able agreement with the data, while other fitting attempts fail
+fecPrc(X)] (9 to reproduce the gross features of the field dependence.
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Earlier experimental results give convincing evidence thaunder both dark and illuminated conditions, indicating that
the spin relaxation observed in Ge is due to the trapping ofhe polarization associated with Mg is intact. The analy-
muonium by impurity donor atom@vith a concentration of sis in Fig. 3b) also indicates that the paramagnetic-to-
10" cm~3).212 (Donor impurities lead to higher relaxation diamagnetic conversion process does not involvesMu
rates than acceptojsThe present result is consistent with ~ Since neither My® nor Mugc’ seems to interact with
this model: the observed conversion process is interpreted @hotoinduced carriers, it is impossible to tell which is the

ground state by the current result. However, the regak
Mu°+d%—Mu~d", (10 gether with the fact that M indeed interacts with donors

i.e., the trapping of My® by a donor aton{Sb) followed by does indicate that the electronic le{gdl associated with
the transfer of an electron from the donor to Mu (Note muomium in Ge may be as Qeep as acceptor Ie\{els or even
that v/ k~1 is also consistent with this interpretatipihus not in the e”ergg’ band gap, in mark_ed contrast with the case
the kinetic parametek is interpreted as a trapping rate. in Si V\_/h_ere My centers m_teract W'.th pho_to-lnduqed carrl-
Another fraction of Mu® is never trapped by donor atoms ers efficiently even at 10 K in a fashion quite consistent with
and gives rise to the stationary Micomponent in Eq(9): " the current model in which muonium levels are located in the

this is consistent with observations on quantum diffusion ofIPPEr half of the gap

Mu in Na-doped KCI, where a fraction of Mu never encoun- In summary, we have shown that the electronic level as-

ters the Na impurity* The absence of charge exchange be_souated with the My~ center inn-type Ge is not located in

tween the finaluy centers and excess carriers under iIIumi-f[he energy band gap, as evidenced by its failure to participate

nation supports the presumption that the; at this Erkhalrgi}eﬁ?ha)r:gi? ;F?]Ct'or?dvivr:th i);tr:ejistti:r?r{ilerr]stmt?]uced by
temperature is Mg, and thus different from the diamag- Uik eleclronic exciiation, a contragistinction fo In€ case

n : ; . : .
netic component observed at higher temperatpessum- ?r]: ':/ltLI‘J]BCd. Thg reGsuIt '3 consstg?ft V\."th thetmﬁergr‘?tanon
ably Mugc ™). More importantly, this is also in line with the at the gonor Im-¢ undergoes drtiusion-controfied "muo-

absence of an electronic level associated with,Md" in nium passivation.” The present study is the precursor of a

the band gap, i.e., passivation of the donor level by muo_systematic investigation of the dynamical behavior of these
nium: an electronic level in the gap can interact with holeg4oN states as a functl_on .Of dpnor atom concentration and
Re: Additionally, quantitative information on the nature of

and/or electrons near the band gap energy, and so a char % ! . : ) .
state with its energy level in the gap would be subject t?)t e muon-donor interaction will be obtained by observing

neutralization processes with a ratepv~107 s 1 foueled tra_nsmons of the mur(:n_g:d donor using the avoided
Finally, we note that illumination seems to have no effect evel crossing resonance technique.
either on My or on isolated My®. The presence of We wish to thank S. Tsuneyuki and Y. Kamiura for help-
Mugcl centers is clearly demonstrated by the LF repolarizaful discussion, and the RIKEN staff for technical support at
tion behavior over the field range below 0.005 A iq Fig. RAL. One of the author$R.M.M.) wishes to acknowledge

3). The residual asymmetry has similar low-field featuressupport from Science and Technology Agency of Japan.
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