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Experimental data on shallow donor muonium states in thé&/llsemiconductor compounds CdS, CdSe,
CdTe, and ZnO are presented. These are characterized by very weak hyperfine interactions amounting to
approximately 10* of the free-atom value, and by donor levels with binding energies comparable to those
calculated on the hydrogenic model of the shallow centers. The data are discussed in terms of a model
generalizing the knowledge of muonium and hydrogen states in tetrahedrally bonded semiconductors. Within
this model the shallow muonium state is attributed to muonium bound to the anion oft¥fedompound and
located at the antibonding site or close to it in the bond direction.
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I. INTRODUCTION mimicking the interstitial proton and hydride ion, and to the
interplay of site and charge state that is relevant to the mo-

Interstitial hydrogen in semiconductors has been the subRility and electrical activity of hydrogen. The situation now
ject of active research since the mid 1980s, when it wads that new types of wide-gap semiconductors, including the
finally recognized as one of the most significant impurities!! ~V! compounds, are on the verge of important applica-
affecting the evolving semiconductor technologifes a re-  tions: Defects and impurities are found to play particularly
cent review see Ref.)1The muon spin rotation(SR) and important roles in these new materials. While hydrogen is by

. . . . ..o means the only such impurity, it is certainly one of the
related techniques have contributed substantially to this fleltﬂmSt significant gontrollingptheymechanism 3; deposition

pioneering the research as regards the isolated defeghy goping and affecting final electronic properties. We have
centers” The relevance of the muon work here is that it therefore initiateduSR studies on HVI compounds and
exploits the similarity of the behavior of positive muons to re|ated chalcopyrites with a view to elucidate these questions
protons and allows a unique spectroscopic characterizatiolgnd to obtain atomistic pictures of muonium and hydrogen
Since the muons are observed with the highest possible dbehavior?™" A surprising and quite unanticipated first result
lution in the sample—often with only one of these particleswas the recent observation of a shallow muonium state in
present at a time—and since they usually have no time t@€dS?® A theoretical paper followed, predicting a shallow do-
find or pair with impurities before are observed with the nor hydrogen state in ZnO as wél\e were able to confirm
highest possible dilution in the sample decaying, the muon ishis prediction by spectroscopic observation of its muonium
well suited to provide information on the intrinsic properties counterparﬁ We present here a survey of these shallow
of interstitial hydrogen defect centers in semiconductors. states as found in severaHVI compound semiconductors,
ExtensiveuSR data are available for Si and Ge and thesummarizing their properties and systematics.
I1I-V compounds®~“ A feature of the experiments is that the  The volume of data accumulated on the muon states in
muons commonly pick up electrons on implantation at lowsemiconductors—elemental group-1V, -llI-V, and -lI-VI
temperature to form muonium (Muw“e™) which mimics  compounds—suggests that some simple guidelines for the
atomic hydrogen. The spin states are also sufficiently longnterpretation of the data may be useful. In silicon, the cor-
lived (in intrinsic or lightly doped materiafor the muonium  respondence between muon and proton states, their energy
sites and electronic structures to be established froraB®  levels and electrical activity, are quite well establisfigliso
spectra. Particularly important was the discovery of metastathat muonium should serve as a guide to hydrogen behavior
bility of the neutral paramagnetic centers and identificatiorin the other materials also. We therefore propose a simple set
of the bond-center site. Recent studies have turned attentiast rules to help in discussing the interpretation of those di-
to the charged defects, which we denote Mand Mu™,  versified experimental data from common viewpoints. This
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set of rules seeks to unify the various aspects discussed in the

literature?=*8and goes beyond these by generalization to

all tetrahedrally bonded semiconductors.

Il. EXPERIMENTAL DETAILS

The uSR experiments were performed at the ISIS Facil-
ity, RAL, in the UK and at PSI in Switzerland. At ISIS we
used, as a special arrangement, the so-called “fly-past”
method!? where care is taken that muons that do not hit the
sample are stopped far away from it and therefore do not
contribute to a decay signal, rendering a virtually
background-free spectrum. At PSI, the muons-on-request
method was used on the GPS instrument in most cases. In
this arrangement, the piM3 beam is interrupted after a muon
stop has been detected in the sanpl@he next muon is
allowed to enter the sample only after a preselected time,
usually about 2@s. This also allows the recording of clean
spectra and background-free data at long elapsed times.
Since in the present studies good frequency resolution is re-
quired, measurements up to long times are essential.

The samples consisted mainly of commercially available FiG. 1. xSR time spectra at low temperatuds-5 K) in trans-
undoped single crystaldrom CrysTe¢ with an area of 1 t0  verse field for the four compounds CdS, CdSe, CdTe, and ZnO. The
2 cnt and a thickness of about 1 mm. The ZnO sample wasield wasB=10 mT in the case of the Cd compounds, @20
polycrystalline with the highest-purity availabl®9.999%, mT in the case of ZnO. The beating pattern originates from the
from AlfaAesa). Conventional transverse- and longitudinal- splitting of precession frequencies, with a period related to the hy-
field arrangements were used By measuring the decay perfine constants of the paramagnetic muonium, i.e., of the undis-
positrons from muons implanted into the sample, the timesociated donor. The solid lines are the results of fits with three
development of the muon spin polarization is recorded. IrPrecession frequencies. A large missing fraction of the amplitude is
the analysis of data, instead of the usual Fourier transform, ifioticeable in the CdTe spectrum.
most cases we used a slightly modified transformation intro- o )
duced by LomB In this transformation, the lower statistics A. Hyperfine interaction parameters
at long times in the muon decay may be taken into account. In the case of an anisotropic interaction, the splitting
We found that the frequency spectrum becomes clearer witbhanges with the angle between the axis of the hyperfine
this analysis than with the usual Fourier transformation. Intensor and the direction of the external applied field. For
the case of the powder-pattern spectrum for ZnO the maxiaxial symmetry, the anisotropic hyperfine tensor has princi-
mum entropy method was used. pal elementsA, parallel to the symmetry axis, andl, ,

perpendicular to this axis. An equivalent description of the
hyperfine interaction expresses it as a combination of an iso-
Ill. RESULTS tropic and a traceless dipolar term. The isotropic part is given

. . ) . by Aiso= %(A”Jr 2A ) whereas the dipolar tensor is described
Figure 1 shows muon spin-rotation signals recorded aby the asymmetry parametd-D:%(AH—AL), yielding the

ISIS at low temperaturé4—S5 K) for the four materials stud- ynerfine interactiom as a function of angl@ between the

ied in these experiments. A beating is seen in all four Sig”alssymmetry axis and the direction of the external field:
indicating the presence of more than one precession fre-

guency. The nodes in the beating, which are an approximate D

measure of the frequency differences, vary from material to A=Aisot 5 (3 cosf—1). 3.1
material. In Fig. 2 we show the corresponding frequency

spectra. Basically, a three-line pattern is observed in eachhis expression holds in the Paschen-Back region, already
case. The central line corresponds to diamagnetic muongue here for fields of the order of 2 mT for Cd compounds
i.e., it represents the Larmor precession of the muon spin iand 5 mT for ZnO.

the external field. The symmetrically placed satellites on ei- From orientation-dependent measurements on single crys-
ther side of the middle line are due to the hyperfine splittingtals, both the hyperfine interaction parameters and the direc-
in the muonium-state formed at these temperatures. That i§ipn of the symmetry axis can be derived. For a polycrystal-
the hyperfine field either adds to or subtracts from the exterline sample, the principal values of the tensor are accessible
nal field according to whether the electron spin is up orbut not the crystallographic direction of its symmetry axis,
down. In the strong-field limit, the separation of the two linessince this is oriented randomly relative to the external field,
gives the hyperfine constant directly. within the range o® from 0 to /2. As a consequence of this
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T T T ) TABLE I. Hyperfine parameters and Bohr radii for three tetra-
CdS hedrally bonded Cd compounds and ZrikQ,= %(AH+2AL) is the
isotropic part of the hyperfine interaction. The anisotropic pais
defined asDz%(AH—AL), and is proportional to the difference
between the hyperfine interaction parallél|X and perpendicular
(A)) to the symmetry axis, which is along the bond direction. The
C&Se ] experimental Bohr radiire,, were deduced from the ratio of
Aiso/Ag, WhereA is the vacuum value. The theoretical Bohr radii
lheo are calculated in the hydrogenic model with the effective
masses and dielectric constants of the individual materials

0
s (Ref. 15.

:f 1 1 1 v 1

£ 1 CdTe | cds Cdse CdTe Zno
g ] i Aew(kHz) 2445  874)  2614) 50020
S ] ] D (kHz) 91(6) <40 <50 26020
s ] ] I exp (NM) 1.40 1.97 1.37 1.10
s V. VA VA NELA VLAV I theo (NM) 2.4 3.9 6.2 1.7
& 1.0 1.2 1.4 16 1.8

" measurements showed no changes in the frequencies within
experimental error; thus only an upper limit for theparam-

eter can be given. For ZnO, the anisotropy is obtained from
the powder distribution.

The values of the hyperfine interaction found are four
e orders of magnitude smaller than the vacuum-state muonium
2.4 2.6 2.8 3.0 3.2 value of 4463 MHz. This huge reduction of the spin density

Frequency (MHz) of the electron at the muon site indicates that either major
spin density is localized elsewhere or that it is distributed
FIG. 2. Frequency-spectra derived from the time spectra of Figover many atoms. The rather sméll values obtained ex-
1, for the compounds CdS, CdSe, CdTe, and ZnO. The central-linglude the possibility that we have a molecular radical of the
corresponds to the Larmor precession of the diamagnetic muon. Thand Cd-S-Mu, with the electron largely on the Cd atom,
separation of the symmetrically placed satellites is a direct measur§ince in this case a large anisotropic or dipolar hyperfine
of the hyperfine interaction of the paramagnetic muonium. The anjnteraction would arise, even if the electron density at the
isotropy of the hyperfine tensor is seen as a powder-pattern broagy o jtself were small or zero. We therefore conclude that
ening of the _sate_llite lines ip the case of polycystalline ZnO, whergpa electron wave function is spread out as expected for a
the dashed line is the predicted distribution. shallow donor state. The calculated Bohr radii, assuming a
hydrogenic & electron distribution as the envelope function
A . And scaling the radii with the cube of the ratio of the isotro-
frequency d|st(|but|on, chgractenzed by an average ValuBic hyperfine constants, are also given in Table I. When com-
(Aisa) _ano_l a W!dth(proportlonal tO.D)' '_I'he fqllowmg ex- pared with the values expected from the hydrogenic model,
pression is derived for the normalized intensity of the dlstrl-using the effective masses and dielectric constanté the
bution or “powder pattern'd|/dA: specific material$® discrepancies are observed, particularly
in CdTe. These could reflect details of the local bonding that
di _dlde 1 1 are not considered in the hydrogenic estimate.

dA~ d0dA~ 3D 2(A—Apg + D

random orientation, the observed splitting is composed of

B. Shallow donor level energies

for (3.2) Figure 3 shows the amplitudes of the diamagnetic and
paramagnetic fractions of theSR spectra as a function of
temperature. The diamagnetic part is the amplitude of the
middle line, and the paramagnetic part is the sum of the
amplitudes of the two hyperfine lines, below and above the
The values obtained from the analysis of the time spectraniddle line as seen in Fig. 2. At low temperatures, the para-
of the four compounds are summarized in Table I. For CdSmagnetic fractions dominate for CdS, i.e., almost all muons
the hyperfine anisotropy is determined in this manner and wend up in this state, whereas for CdSe, CdTe, and ZnO the
find that the symmetry axis is along the Cd-S bond directionparamagnetic fraction is half the total amplitude or less, and
Of the four bond directions, one is along thexis direction, a substantial diamagnetic fraction is present already at low
the other three are at 109.4° to it. Although these directionsemperatures. Measurements with different CdS samples
are not strictly equivalent, the data suggest that they are simshowed appreciable variations in the formation probabilities
larly populated. For CdSe and CdTe, orientation-dependerdf the diamagnetic and paramagnetic states. It

D
(Aiso— 5) <A<A,+D.
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temperature and doping level, thus explaining the slight

20 4 i variation of the fractions at low temperatures as well as the
| | different fractions found in various CdS samples.
104 i The rapid change of the fractiorifig. 3) at somewhat
higher temperatures and the complete conversion to the dia-
04 | magnetic fraction is due to a different process. We associate
T T T T i i ioni i i i i
| CdSe ] it with the ionization of the muonium center in the final
20 4 i thermal stage.
| | For a quantitative analysis, some further assumptions
10 i have to be made concerning the Fermi energy. In thermody-
< | | namical equilibrium the chemical Fermi energy is deter-
°:; 04 i mined by the donor and acceptor states present in the sample
3 1 oo CIdTe' and the temperature. One might assume that this is the rel-
%_ 20 . evant energy as far as ionization of muonium is concerned.
g | | However, within the lifetime of the muon it seems unlikely
10 1 that full equilibrium will be achieved until well above the
| | ionization temperature. A more realistic assumption might be
0- i that after it is stopped, the muon sits in an essentially isolated
—— =0 ) . S . :
environment with no dopants in its immediate neighborhood,
0 10 20 30 . . .
say in a sphere of radius comparable to the Bohr radius of the
| LY shallow donor. With the additional assumption of “local”
Zn0O . L .
20 ‘...-./. i thermodynamical equilibrium, the normal expression for the
i i free-carrier concentration, in a semiconductor containing
104 i Np donors andN, acceptors Ilp>N,), can be applied®
0- % _ n(N+Ny N E
T T T T —( A = —Sexpg — = , (3.3
0 10 20 30 40 50 60 Np—Np—n 2 kT

Temperature (K) ) ] . i .
whereN¢ is the effective density of states in the conduction
FIG. 3. Amplitudes of the diamagneficlosed circlesand para-  band and the factor 2 accounts for the level degeneracy. In
magnetic(open circles fractions as a function of temperature, de- our caseNy, is identified with the concentration of muonium
rived from fits to the time spectra with three precession lines. Theenters andN, is set equal to zero, assuming that no other
rapid decrease of the paramagnetic amplitude and correspondiqg;ceptors or donors besides the muonium are present in the
increase of the diamagnetic amplitude signals the ionization of thg 151 volume around the muon. The quantitys identified
paramagnetic center. with the concentration of ionizeddiamagnetit muonium

] ) ) centers. Equatiof3.3) can then be written as
should be noticed also that the paramagnetic fraction de-

creases at the expense of the diamagnetic fraction with in- 2 £
creasing temperature, even below the temperature where the X_-|—73/2= constx exp{ — _D) (3.4)
large change of amplitudes is seen in Fig. 3. In CdS, CdSe, 1-x KT/’
and ZnO, all the incoming polarization is accounted for. In
CdTe about one-third is lost. This missing fraction is largelywherex=n/Np, is the fraction of ionized muonium centers
recovered in a strong external figlsee Sec. 1l D below In and the explicitT®2 dependence ol on temperature has
all four cases, rapid changes of amplitudes are observed inteen taken into account. The quantity®/(1—x)]T %2
certain temperature range over which the paramagnetic frasvith x derived from the change of the diamagnetic fraction,
tion converts completely to diamagnetic. We relate this conis shown in Fig. 4 on Arrhenius plots. The fit parameigy
version to ionizatior(i.e., dissociatioh and the temperatures at which the rapid change odouids

For an understanding of this behavior, the last steps in thpoint) are summarized in Table Il for the four materials stud-
muon implantation have to be considered in some detail. Weed. Similar results are obtained by considering the change of
would like to distinguish two stages in the muon stoppingthe paramagnetic fraction. The value Bf for CdS is
process, an intermediate epithermal and a final thermal stagehanged from that presented earfiéy reanalyzing the data
In the epithermal stage there is a loss and gain of electronssing Eq.(3.4). Also given in Table Il are the calculated
by the muon, i.e., an exchange of electrons with the matrixbinding energies derived from hydrogenic formula using ef-
in particular with the donor and acceptor states. At the tranfective masses and dielectric constants of the maténals.
sition from the epithermal to the thermal stage, the muonThese follow a similar trend to the experimental values.
ends up either with or without an electr@n rare cases with The parameteEp in Eq. (3.4) is effectively twice the
two electrong and this situation determines whether theactivation energy for dissociation. If the assumption of ther-
paramagnetic or diamagnetic fraction is formed at low tem-modynamic equilibrium is not valid for muonium centers,
peratures. The partition into these fractions can depend othe donor depths in Table Il should be halved.
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= FIG. 5. Depolarization rater, derived from the time spectra
10'23 with the standard Gaussian depolarization function, as a function of
104 temperature, for the dissociated state in CdS.
& 1
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1014 Zn0O4 : : 11-21
| 58 meV | 0.06 a 7]
103 o 7 b 0o
E T T T T T —] 0.04 1 O 7]
20 25 30 : : o
1000/T (K1) : O
0.024 4 : q:‘ : .
o e iaerex s I ractor T T
of ionized donors, as a function of the inverse temperature, for CdS, : :
CdSe, CdTe, and ZnO. The level energies derived from these plots "w ¢.00 : :
are shown in the figure and in Table 2. The dashed lines in the error 2 1 :
bars indicate that the corresponding standard deviation exceeds the © i O
plot range. 0.06 1 : O T
o [l
C. Muon site and diffusion 0.04 - : o -
Site determinations can be made by comparing the line- o
width of the diamagnetic signal with the linewidth calculated : : e}
from the rms magnetic-field distribution created by the 0.02 1 >y S = -
nuclear magnetic dipoles around the muon. For this purpose _|||EH‘H1EJ|(H IEEETMEN TR
we measured the Gaussian depolarization sateshich cor- : S : Cd
responds to the linewidilof the diamagnetic fraction above 0.00 : L . 1
the ionization temperature for Cd8ig. 5), and compared it ABg BC
with the calculated values assuming different sites in the lat- CdS bond

tice (Fig. 6). The comparison is made for the 210 K values

(which are representative for the temperature regime abov&d

TABLE Il. lonization temperatur@qizaion (Midpoint of the am-
plitude of the paramagnetic fractipand donor level energieg3®
for CdS, CdSe, CdTe, and ZnO. The donor level ener@@%",
calculated in the hydrogenic model with the effective masses an
dielectric constants of the individual materials are sh@Raf. 15.

Cds CdSe CdTe ZnO
Tionization (K) 22(2) 12(2) 13(2) 38(2)
EZ® (meV) 26(6) 20(4) 16(4) 58(6)
EDe° (meV) 33 19 11 52

FIG. 6. Experimental depolarization rates(shaded areador

S at 210 K, for two orientations of the crystal with respect to the
external field, compared to theoretical calculated valopen sym-
bols). On the lower frame the data for t2010) and on the upper
frame for the(1121) orientation are shown. The values associ-
gted with the nuclear magnetic moments of the odd-spin Cd iso-
topes were calculated along the bond directions, i.e., along the
axis (open squargsand along the three bonds at approximately
109.4° to thec axis (open circles At the abscissa, the position of
the S and Cd atoms are indicated together with the position of the
antibonding (AR) and the bond-centdBC) sites. The arrow near
the BC site indicates that the value exceeds the maximum value of
the vertical scale. The dashed-area represents the range of the ex-
perimental values.
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the ionization threshold but below the temperature at which 1.0~ ' ' . .
diffusion or other dynamics sets in; see belabtained for 091
two orientations of the single-crystal samplkt121) or 0.8
(1010) parallel to the external field. Owing to the low abun- 5
dance of the isotope¥’Cd and'**Cd, which are those with §07
nonzero nuclear moments, the measured widths are very low 2 0.6
and almost at the limit of the experimental detectability, - 0.5 CdTe 4.5K
yielding large errors. '
The calculations were made separately for the four pos- 0.4

00 041 02 03 04 05

sible bond directions, i.e., along tleeaxis or along the three Longitudinal Fisld (T)

bonds at 109.4° to the axis. Theo values for these non-
equivalent directions are slightly different. If the population  FIG. 7. Longitudinal-field repolarization curve for CdTe at 4.5
probability of on-axis and off-axis sites were similar, a K, showing the fraction of the polarization due to the paramagnetic
weighted average would have to be taken but this is notomponents. The total amplitude expected for all muons minus the
necessarily the case and the conclusions do not depend diamagnetic fraction seen in transverse field gives the normalization
this assumption. Good agreement, also concerning the tefer this plot. The sharp low-field recovery is the decoupling of the
dency in the angular dependence, is obtained assuming tisgallow-level muonium and the more gradual recovery is the de-
muonium site is close to the antibonding site near the aniogoupling of a “normal” muonium state with hyperfine constat
(AByg). The predicted values for the bond-center site are nof2400(400) MHz. Full recovery is not achieved up to 0.45 T.
consistent with the experiment even if a moderate elongatior]’_ . .
of the bond is assumed. Thus, unless there is a site change Ur400_ MHz. This is about half of the value for free atom!c
electron capture, the antibonding site is the most probabl§'uonium (4463 MH3, and is of the same order of magni-
position for the paramagnetic center of CdS. The antibondin d_e as for “normal muonium in S.' af‘d Ge. No signs of
site was found also in our previous work on chalcopyrites, nisotropy are seen in this repolarization curve. Thus a so-

which have similar properties to thedVI compounds stud- called "”F’fma'" muonium_a deep—levgl state—exi.s_ts in
ied here prop P CdTe. This is formed on implantation with a probability of

Motional narrowing in CdS is clearly seen in Fig. 5 in the approximately 38%, to be compared with 25% for the shal-

temperature range between 260 and 300 K. With the Iarglé)w state. N_O indication of such a “n_ormal" muonium state
error bars of the present data, an Arrhenius plot does notgivﬂ(as found in the other three cadmium cpmpoqnds, which
reliable results; thus we rather used the temperature at whicjf‘f"we hexagonal structure, whereas CdTe is cubic.

motional narrowing occurs to compare with other systems.

Motional narrowing has been observed at similar tempera- E. Zn chalcogenides

tures in the chalcopyrite compountiand, for these, activa-  We have also investigated the compounds ZnS, ZnSe, and

tion energies around 220 meV have been deduced. A similaznTe. In a transverse field, we observed a diamagnetic frac-
value can be assumed for the muon motion in CdS on th@on of the order of 3—10% and, in ZnS and ZnSe, the al-

basis of the similarity mentioned above. ready known “normal” muonium oscillationswith a frac-
tion of about 15-25%. The remaining fractiér0—90% is
D. Deep-level “normal” muonium missing in the transverse field. In longitudinal-field decou-

ling experiments, most of this missing part is repolarized at

In CdTe a missing fraction is present at all temperatures i'g value of the field corresponding to a hyperfine constant of
transverse-field spectra recorded below 30@&e Fig. 1. I b “normal” muonium type, i.e., a large fraction of the free-
fact, the sum of the asymmetries of all muon frequencieg, onjum value. However, a small fraction remained unpo-
amounts only to 11% of the 20% total amplitude in this|,i7apje and only at very high fields, larger than 2 T, a fast
experimental arrangement. _ decaying signal appeared, indicating that a fast relaxation

_To obtain further information on the state concealed in, 5cess’is acting on this state and that the relaxation can be
this missing fraction, a decoupling experiment in longitudi- 55 hressed only at these high fields. In the Zn chalcogenides
nal field was performed at 4.5 K. In Fig. 7 we plot the mea-p\4'ingication of a paramagnetic fraction related to the shal-

sured polarization after subtraction of the diamagnetic fracio, donor state. observed in the Cd chalcogenides and in
tion (the latter measured in transverse fleltf complete 7,0 could be s,een.

recovery occurred, the polarization would go from 0 to 1 in
this plot. It can be seen that an abrupt decoupling occurs at
very low fields. This recovery is due to the shallow muonium
state known from the transverse-field experiments. A far We propose here a general set of rules to characterize the
more gradual recovery occurs for higher fields, but even atnhuon states in tetrahedrally bonded semiconductors. It com-
0.45 T the polarization is not fully recovered. The remainingbines the various models and ideas put forward in the litera-
missing fraction of approximately 10% is possibly due to ature for specific materials or for special aspects of this
muonium state with a fast electron-spin fluctuation. field 2489t is not intended to give quantitative values for

The gradual recovery seen in Fig. 7 corresponds to thenergies, etc., but rather a framework for the interpretation
decoupling of a hyperfine interaction constant of 2400and understanding of the data.

IV. UNIFIED SET OF RULES
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Rule 1: The thermodynamically stable states are™™Mn  the same site as the shallow donor state but without the elec-
p-type material and Mu (u e~ e") in n-type material. This  tron, either because the muon brought no electron with it or
is known as the negativie- behavior of hydrogen in this because the electron was lost in the final deexcitation steps
class of materials(We use the chemical nomeclature Mu after the muon stopped.

and Mu here, these states mimicking'tand H', reserving In CdSe the formation probabilities of the diamagnetic
Greeku" for the incoming muon before chemical associa-and paramagnetic states at low temperatures are almost the
tion with the hosf. same. We assume that again in this case only bound muons at

Rule 2: The positive-ion MU traps either at the bond  the antibonding site are formed, half of them having an elec-
center in covalently bonded materidlSi, Ge, GaAs, etc., tron and half not. In principle, part of the diamagnetic frac-
where it is attracted to the high density of spin-paired bondtjon could be due to Mu. However, in undoped materials
ing electronsor at the antibonding site, close to the anion, inand at low temperatures the formation of this configuration is
more ionically bonded material€dS, GaN, etg. The nega-  ynlikely due to the lack of sufficient electrons. It is notewor-
tive ion Mu™ is nonbonding and sits at an open interstitial thy that the hyperfine interaction constant is a factor of three
site, at the tetrahedral interstitial site in cubic materials or agmaller than that in the other Cd compounds. Possibly the
the corresponding site in hexagonal crystals. In compoundontact hyperfine interaction is composed of two contribu-
cubic semiconductors, Mu prefers the cation cage and tions, one from the electron density directly around the muon
avoids the anion cage. and the other from electrons at the Cd sites with their distri-

Rule 3:The implanted muon often comes to rest with justputions reaching the muon site in their tails. Slight variations
one electron associated with it, but thermalization with nojn the crystal structure and electronic properties could give
electron and in rare cases with two electrons are also posise to large variations of the actual electron spin-density
sible. At low temperatures and low dopings, charge and sitgjistribution at the muon site, thus resulting in variations of
changes may be hindered and a variety of metastable stat@fe hyperfine parameters.
may be formed, in particular the neutral centgraramag- In CdTe, four components can be identified. The diamag-
netic muonium with just one electron bound to the muon. petic and the paramagnetic components seen at low tempera-
Potential barriers between the different configurations contyre in transverse fields have similar formation probabilities,
trol the relative thermal stabilities, site changes, and mobilaccounting for about 30% and 25% of the incoming muons.
ity. Within the remaining 45% whose polarization is invisible in

Rule 4: Neutral muonium (M@= "e”) related to the transverse-field spectra, about 38% can be attributed to “nor-
unbound MU but missing one electron, is a deep center andmal” muonium type centers, recovered in a longitudinal-field
the hyperfine interaction constant is of the order of thedecoupling experiment, as discussed in Secs. Il and IV. The
vacuum value. The muonium center originating from boundstill remaining 7% missing fraction probably arises from
Mu™ is either shallowlexample: shallow donor as in Cii&  centers with a large hyperfine constant and a fast-electron
medium deep(example: bond-center muonium in)SWe  spin relaxation, which cannot be decoupled with the fields
suggest—although the general validity is by no meanspplied here. The paramagnetic and the diamagnetic part
confirmed—that the donor is shallow if the muon is at theseen in transverse field are attributed again to the shallow
antibonding site and medium deep if the muon is at the bondonor center, with and without an electron, as discussed
center. above for the other Cd compounds. CdTe is therefore

Rule 5: Spin-exchange scattering with charge carriers isemarkable—and so far unique—in showing the coexistence
superimposed on the charge and site changes. Spin exchangledeep and shallow states. We suggest that this difference
becomes increasingly important with increasing temperatur@ith the other two Cd compounds is related to the fact that
and doping. CdTe is cubic, whereas CdS and CdSe are hexagonal. In the
cubic case, it seems likely that the neutral trapped atom is
stabilized in the tetrahedral metal-ion cage for which there is
no precise equivalent in the hexagonal lattice and that a site

We first give a short account of what is expected in thischange towards the antibonding site is hindered by a barrier.
model for the well-known case of Si and then come to aln the hexagonal structure, no such cage hindrance is present.
detailed discussion of the compounds studied in this work. We do not have much information on the fast relaxing com-

In Si the muon thermalizes in most cases with one boungbonent and can only speculate on its nature. It seems likely
electron(rule 3). As a result of local fluctuations or residual that it is the same “normal” type of muonium as is respon-
kinetic energy at the end of their path, some muons end up asble for the deep state, but in a local environment, e.g.,
muonium at bond centers, the others as muonium at the tetlefects and grain boundaries, where fast electron exchange
rahedral interstitial sites. After the formation of these centerstakes place.
conversion between these sites is hindered by a barrier. From In ZnO, the diamagnetic and paramagnetic components
these initial configurations a rich variety of conversions toaccount for the full polarization of the incoming muons.
other states takes place depending on temperature and ddpeth components are attributed to the shallow muonium cen-
ing. ter, one with the bound electron, the other without it, as

In CdS, the major fraction of muons forms the shallow discussed above. Here the fraction with no electron is rather
donor state discussed in this paper. The diamagnetic fractidarge. The hyperfine interaction constant and the electron
observed at low temperatures probably represents muons hinding energy are appreciably larger than in the Cd com-

V. DISCUSSION
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pounds, but this tendency is expected from the effective magke deep and shallow centers has only been established for
theory, considering the material parameters. CdTe. It seems that in the Cd chalcogenides and in ZnO, the
The 3-10% fraction of diamagnetic muons in the Znformation of the shallow center or states derived from it are
chalcogenides could be due to this shallow donor configuradominant, whereas in the Zn chalcogenides the formation of
tion without the electron captured, but we have no experithe Mu™ related states are preferred. These findings should

mental confirmation of this. carry over in large degree as a guide to the states and elec-
trical activity of interstitial hydrogen, impacting doping is-
VI. CONCLUSIONS sues in these materials.

The uSR data show clear evidence for the formation of a
shallow donor muonium center in the Cd chalcogenides and
in ZnO. Because of the similarity in the electronic properties
of the muon and the proton, and also because a shallow We thank J. Pinto da Cunha for his computer code of the
donor hydrogen center has been predicted theoretically fdcomb method, and J. A. PaigaA. Matos Beja, and Manuela
ZnO, the existence of the corresponding hydrogen center i8ilva for x-ray sample orientations. This work was partially
these materials can be inferred. The small diamagnetic frasupported by PRAXIS XXI(Portugal PCEX/P/FIS/16/96
tion of 3—-10% could be due to this shallow donor centerFCT funding, by EPSRGGR/R2536]}, and the European
without the electron, but this is not yet clear. In the corre-Community through its “Access to Research Infrastructure
sponding Zn chalcogenides, “normal” muonium centers cor-action of the Improving Human Potential Prografnésearch
responding to deep states are seen. So far, the coexistenceadflSIS.
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