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High-precision spectroscopic information is obtained on the muonium states in ZnSe by high-field transverse
�SR measurements. At low temperatures, two muonium states MuI and MuII are observed with isotropic
hyperfine parameters of AI=3283.63±0.51 MHz and AII=3454.26±0.02 MHz �74% and 77% of the vacuum
value, respectively�. State I is thermally unstable and converts to state II at approximately 40 K. State II is
stable up to 300 K, at least. We assign MuII to the cation interstitial tetrahedral site and discuss the possibility
that MuI may correspond either to muonium at the same site but in the unrelaxed lattice or to the anion
interstitial tetrahedral site. The temperature dependence of the hyperfine interaction was fitted with a local
vibrational model giving an oscillator energy of approximately 8 meV. The amplitudes and the depolarization
rates are measured over the entire temperature range and are discussed in the text.
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I. INTRODUCTION

Muonium, consisting of a positive muon and a bound
electron, can be considered as a light isotope of hydrogen
and can be used to study the properties of hydrogen-related
defects in semiconductors.1,2 Of note, a hydrogenic, i.e., ef-
fective mass, donor state was located via muonium spectros-
copy in CdS and ZnO3,4 and has also been seen in several
other compounds.5–9 The shallow donor state in ZnO was
subsequently confirmed by IR and electron paramagnetic
resonance �EPR�/electron-nuclear double resonance �EN-
DOR� studies on hydrogen in the same material.10–12

In theoretical papers on this subject,13,14 a systematic be-
havior of hydrogen defect states over a larger class of semi-
conductors was reported on. The main prediction is that the
stability of the shallow hydrogen donor state depends on the
bottom of the conduction band being below a fixed level of
about 4.5 eV with respect to the vacuum. This distinguishing
level appears to remain constant for a wide range of materi-
als.

ZnSe is, together with ZnO, a prominent representative of
the wide band gap II-VI semiconductors, which are under
intensive research for potential use in electronic and opto-
electronic devices.15 Unlike ZnO, ZnSe is an example of the
second class of compounds, in which the effective mass do-
nor does not occur but instead a deep-level muonium con-
figuration is observed. This is consistent with the predicted
amphoteric behavior of hydrogen in ZnSe.16 The existence of
this deep defect state in ZnSe is known from earlier
experiments,17,18 but the spectroscopic information is to date
rather scarce because of the small amplitude of the signal.

The earlier measurements were made only below about 50 K
and did not show that the second atomiclike muonium state,
observed in the current experiment, is also present at low
temperatures.

The current experiments were performed at high external
magnetic field ��7 T� where precise information on the fre-
quencies and linewidths can be obtained. The primary infor-
mation from the present study is that a second muonium state
exists in ZnSe at low temperature. This state was not seen in
the earlier experiments because its linewidth increases with
decreasing field and becomes so large at low fields that the
spin precession signal is unobservable.

The hyperfine parameters of this second muonium center
are very similar to those of the previously known state. Both
have an isotropic hyperfine interaction that is a significant
fraction of the vacuum value �74% and 77%�. A difference is
that the muonium state, which we label as MuI, becomes
unstable with increasing temperature and converts to MuII at
about 40 K. A detailed study of the muonium signals was
performed in the temperature range between 2 and 300 K,
with emphasis on the conversion region.

II. EXPERIMENTAL DETAILS

ZnSe single crystals obtained commercially �from Alpha-
Aesar and from Crystec� were used. The crystals are nomi-
nally undoped and cut on the main crystallographic orienta-
tions �100�, �110�, and �111�. The Alpha-Aesar sample was
used in the temperature dependence study and the Crystec
samples in the orientation dependence study.
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Muon spin rotation ��SR� experiments were performed
using the HITIME �high-field, high time resolution� spectro-
meter in the M15 beam line at TRIUMF, in Vancouver,
Canada. These experiments consist of implanting 4 MeV
100% spin-polarized muons into the sample and observing
the resulting muon spin precession signals in an external
magnetic field that is applied in a direction perpendicular to
the initial muon spin polarization.

During the thermalization process, the muon may eventu-
ally capture an electron, forming muonium. The muon spin
will then precess in the effective field determined by the
external field and the hyperfine interaction with the electron.
Muons decay with a lifetime of 2.2 microseconds into posi-

trons and undetected neutrinos. Positrons are preferentially
emitted in the muon spin direction. Hence, by detecting the
emitted positrons as a function of time in various directions,
the time evolution of the muon spin polarization can be
monitored.

The positron counts in four detectors, arranged in a box-
like configuration around the sample, were analyzed in the
rotating reference frame. Each frequency signal was ana-
lyzed using an exponentially-damped cosine function of the
form A exp�−�t�cos��t+��. The fractions of the two states
compared to all muons were calculated from the measured
�SR amplitudes assuming that only half of the weight is
expected in the observed �12 transition, the second half being
contained in the unobserved higher-frequency �34 transition.
These frequencies correspond to muon spin “flipping” while
the electron spin is up or down, respectively. Instrumental
effects that lead to a decrease in the amplitude of the signals
at high fields are corrected by comparing with the muon
precession signal in silver at the same frequency. The de-
crease in amplitude for the highest frequency signals due to
spectrometer resolution was adjusted according to a calibra-
tion of the maximum observable asymmetry using silver.

III. EXPERIMENTAL RESULTS

Figure 1 shows a Fourier transform �SR spectrum in a
transverse magnetic field of 7 T at 2 K. At this high field,
only the �12 transition in muonium is observable in the ex-
perimentally accessible range. Thus the two lines indicate
either two distinct muonium centers with different isotropic
hyperfine interactions or a single muonium center with an
anisotropic hyperfine interaction. In the latter situation, the
two lines could arise from different angles between the ap-
plied field and the symmetry axis of the hyperfine interac-
tion. We find that the hyperfine frequencies are independent,
within experimental errors, of the direction between the ap-
plied field and the three major crystallographic directions
�100�, �110�, and �111�. We therefore conclude that two dis-
tinct Mu centers, MuI and MuII, with different isotropic hy-
perfine interactions are responsible for the observed spectra.
From the value of the frequencies, we estimate the
corresponding values of the hyperfine interactions to be
AI=3283.63±0.51 MHz and AII=3454.26±0.02 MHz.

Figure 2 shows the fractions of the two states as a func-
tion of temperature. Up to 40 K, both states coexist, MuI
being nearly twice as intense as MuII, and the total muonium
fraction being 79±1%. Above 40 K, MuI disappears and the
fraction of MuII increases strongly in a narrow temperature
interval. This indicates a conversion of MuI to MuII, the latter
being the only state visible at higher temperatures. The total
intensity of visible muonium signals decreases strongly
above the conversion region. This probably is an effect of
muon spin depolarization during the time between implanta-
tion and formation of the final state, since no appreciable
change in the diamagnetic signal �i.e., the signal at the Lar-
mor frequency from muons thermalizing without picking up
an electron� is observed in the entire temperature range. The
diamagnetic signal strength is extremely small and consistent
with the zero diamagnetic fraction arising from the ZnSe

FIG. 1. Fourier transform �SR spectrum of ZnSe at B=7 T, and
T=2.07 K. Two different states, MuI and MuII, are observed. The
two lines correspond to distinct muonium centers with two different
isotropic hyperfine interactions.

FIG. 2. Fractions of the two muonium states, MuI �a� and MuII

�b�, as a function of temperature. MuI is seen only up to approxi-
mately 40 K. Errors as obtained by the fitting program are shown.
Systematic errors due to correlation effects are larger and are re-
sponsible for the large scattering of the data of MuI.
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sample. This signal can probably be entirely accounted for
by muons stopping outside the sample, at all temperatures
below 300 K. We will discuss this in more detail below.

The temperature dependence of the depolarization rates �
of the two states can be seen in Fig. 3. The most obvious
feature is the strong increase of � for MuI between 10 and
40 K. This is attributed to the temperature activated conver-
sion of state I to state II. The relaxation of MuI is also rather
large �about 14 �s−1� before the onset of the conversion pro-
cess perhaps due to a rapid spin fluctuation of MuI. The
relaxation of state MuII is very low and does not change up
to approximately 200 K, which includes the region of the
conversion of state I to state II. Above 200 K an increase of
the depolarization of MuII is seen.

The phases of the signals in each detector are governed by
the detector geometry with respect to the muon spin polar-
ization prior to implantation. However, additional phase
shifts are introduced if the muon exists for some time in a
precursor state before it forms the final configuration.19 Such
phase shift effects are seen in Fig. 4 for MuII as a dip around
50 K and as the gradual decrease above 100 K.

IV. TEMPERATURE DEPENDENCE OF Aiso

We begin to discuss these results in more detail by ad-
dressing the temperature dependence of the hyperfine inter-
action Aiso for MuII, as shown in Fig. 5. Such data are often
modelled assuming an interaction with long wavelength
phonons which are treated within the Debye model.19 In the
present case the fit to this model gives a Debye temperature
of TD=160 K. The Debye temperature for the ZnSe matrix
from the literature is 275 K.20 Similar discrepancies in a ratio
of roughly 2 to 3, were also found for several other

semiconductors.19,21 However, the fit with the Debye model
is rather poor for the high temperature points in the current
case.

A different approach to the problem is to assign the tem-
perature dependence to a local vibrational mode �e.g., the
oscillation of muonium in the potential provided by the ma-
trix� and assume that the change of the hyperfine interaction
is adequately described by a series on the mean square dis-
placement �u2�

A�T� = a0 + a2�u2� + a4�u4� + ¯ . �1�

Within this harmonic oscillator model, the temperature
dependence can be obtained from a Boltzmann distribution.
With the additional assumption that only the vibrational
ground state is relevant here, one arrives at the following

FIG. 3. Depolarization rates of the two muonium states, MuI �a�
and MuII �b�, as a function of temperature. The pronounced increase
of the relaxation of MuI is a sign of conversion dynamics, as dis-
cussed in the text. The process leading to the increase of relaxation
of MuII is still not understood.

FIG. 4. Phases of the two muonium states, MuI �a� and MuII �b�,
as a function of temperature. The dip in the phase of MuII about
50 K is a sign of the conversion dynamics.

FIG. 5. Temperature dependence of the isotropic hyperfine in-
teraction Aiso of state MuII. The solid line is a fit with an Einstein
model, as described in the text, with a vibrational energy of 8 meV.
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formula for the temperature dependent isotropic hyperfine
interaction A�T�:

A�T� = A0 +
C1

exp�h�/kT�
+

C2

�exp�h�/kT��2 , �2�

where A0 is the hyperfine interaction at T=0 K and � is the
single vibration frequency in an Einstein model. The cou-
pling constants C1 and C2 are assumed temperature-
independent. Equation �2� corresponds to the first three terms
of the formula given in Refs. 22 and 23. Without the second
order term, a fit with this model did not describe well the
data points at the higher temperatures in Fig. 5, indicating a
deviation from the simple proportionality between A and
�u2�.

The fit �solid line in Fig. 5� gives an energy
h�=8.0±0.1 meV. Such a low vibrational energy, if attrib-
uted to the oscillation of muonium in the cage, would corre-
spond to an extremely flat potential.

The limited temperature range for observation of MuI
does not allow any detailed determination of the temperature
dependence of the respective hyperfine interaction.

V. MuI TO MuII CONVERSION

A second important aspect in our experimental data re-
lates to the conversion of MuI to MuII. The conversion of an
initial state, after some lifetime, to a final state gives rise to a
change in the precession frequency. If the initial state lives
long compared to the observation time, only the spin preces-
sion of the initial state is observed. In the other extreme of a
short lifetime, one sees only the precession of the final state,
but some effects of the precursor state might still be detect-
able as a phase shift or a reduction in amplitude. Since the
lifetime often depends on temperature, one may observe a
transition from one extreme to the other as a function of
temperature.

A general treatment of the spin precession in the conver-
sion region is given in Ref. 24. In the present high-field case,
the simple one-dimensional formula as given, e.g., in Refs.
25 and 26 can be applied. The polarization change �P�t� is,
for the case where state I, detected via frequency �I, converts
to a state II, which is detected via frequency �II

�P�t� = AI exp�− t/��cos��It + �I�

+
AI

�1 + �����2
cos��IIt + �I − tan−1������

−
AI exp�− t/��
�1 + �����2

cos��It + �I − tan−1������ , �3�

where � is the mean lifetime of the initial state and
��=�II−�I	0. The first term in Eq. �2� represents the re-
laxation of component I with the rate �−1 corresponding to
the lifetime of the state, the third term being a correction to
that component with the same relaxation rate �−1. The second
term gives the increase of the amplitude of component II due
to the conversion. The amplitude, if not relaxing otherwise,
is constant and depends critically on the product ���. The

conversion introduces a phase shift that also depends on
���. For � an Arrhenius ansatz �=�inf exp�Ea /kT� was used,
with Ea the activation energy.

An acceptable global fit of all data using a unique set of
parameters for the conversion could not be obtained. The
increase of the relaxation of MuI and the rise of the fraction
of MuII �Fig. 6� are too far separated in temperature to be
fitted with a single activated conversion process. A similar
discrepancy was observed for the conversion of MuI to MuII
in CuCl and CuBr.26 The reason is probably in the stage
before the actual conversion, where local motion of muo-
nium and of the lattice atoms may change dramatically and
result in an increase of the spin relaxation.

In Figs. 6�b� and 6�c�, the solid lines show the fit to the
data with the parameters adjusted to the amplitude and phase
of MuII. In the fit we assumed that the amplitudes of MuI and
MuII do not change in the conversion temperature range and
that their values are the same as at low temperatures. This,
however, is not completely correct and leads to the overesti-
mation of the MuII fraction above 60 K in Fig. 6�c�. From
this fit, we obtain Ea=17 meV and �inf =1.1
10−4 �s. These
values should be considered as a first approximation for the
MuI to MuII transition, since any other dynamic process in-
volving either state has been left out of this simple model.
With the same parameters as in Figs. 6�b� and 6�c�, the solid
line in Fig. 6�a� is calculated. The discrepancy indicates
again that the conversion process is more intricate than as-
sumed in our model. The possible existence of pre-
conversion dynamics, as discussed above, may justify the
difference.

FIG. 6. Relaxation rate of MuI, amplitude of MuII, and phase
shift of Mu as a function of temperature. The solid line is a fit to the
data with the conversion model and an adjustment of the parameters
to the fraction and phase of MuII. The overestimation of the fraction
in Fig. 6�c� above 60 K is due to a reduction of the total muonium
formation probability in this temperature range which is not taken
into account in the model. The deviation of the data points in Fig.
6�a� from the solid line is attributed to a pre-conversion dynamics
leading to an increase of the relaxation �see text�.
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VI. “MISSING FRACTION”

At low temperatures, �21% of the muons are not ob-
served in the high transverse-field. However, an extremely
fast relaxation of approximately the same amplitude is ob-
served in longitudinal-field depolarization measurements.
The observed relaxation rates are field dependent and higher
than 100 MHz at 5 K. Once more this indicates the existence
of precursor dynamics still to be clarified.

Figures 2 and 6 show that the total muonium fraction,
above 60 K represented by the fraction MuII, decreases with
temperature. As pointed out above, no corresponding change
is observed in the diamagnetic fraction. A possible explana-
tion for the “missing fraction” is that the donor electrons of
ZnSe, which become activated27 at around 60 K, cause a
depolarization of the muon spin in a precursor stage during
the thermalization process, i.e., in the time between the im-
plantation and the formation of the final state.

As indicated in Figs. 3 and 4, there is a dramatic change
in the relaxation and phase of the MuII signal above about
200 K. Furthermore, the muonium fraction becomes tem-
perature independent. Above this temperature, donor ioniza-
tion is essentially complete and any process that depends
critically on conduction electron concentration begins to
saturate. We note that a conversion from a precursor stage
cannot lead to an increase in the relaxation of the final state.
Therefore, the increase of the depolarization of MuII above
200 K �Fig. 3� must be due to a process acting on MuII
directly. It is also unlikely that the increase of the relaxation
is due to the onset of a conversion of this state to another
state since, in another experiment, MuII was observed up to
550 K. This observation is not consistent with an activated
conversion setting in already at 200 K. Additionally, the ob-
served change in the phase of MuII above 150 K �Fig. 4� is
not related to the MuI to MuII conversion since that transition
has become very rapid well below that temperature. These
currently unexplained features require further investigation;
however, they imply that additional dynamics are present for
both MuII and a precursor state which is not necessarily MuI.

Thus an interaction with conduction electrons might be
the cause of the relaxation, but the details are not yet estab-
lished. The observed change of the phase of MuII above
150 K �Fig. 4� is not related to the MuI to MuII conversion
since this process has ended below this temperature as can be
seen in Fig. 6. Thus the phase shift must be caused by some
process in the precursor stage.

VII. DISCUSSION AND CONCLUSIONS

We have observed a new muonium state in ZnSe at low
temperatures, the presence of which accounts for a large por-
tion of the muon fraction that was missing in previous ex-
periments. The detection of this state was made possible only
by the application of a high magnetic field, in which the
depolarization of the state is sufficiently slow to allow for its
observation.

The two states observed here have characteristics very
similar to those reported26,28,29 for CuCl. In these publica-
tions, after a detailed characterization of the local surround-
ings of muonium, definite site assignments were determined,

placing both Mu centers in the tetrahedral cage with Cu near-
est neighbors but with different lattice relaxations and differ-
ent specific locations and motional properties for Mu.

A similar situation may exist for both MuI and MuII in
ZnSe. By analogy, we expect both centers to reside in the
same region, i.e., in the tetrahedral interstitial cage sur-
rounded by four nearest neighbor Zn ions. In this case, MuI
corresponds to muonium embedded in the not yet relaxed
lattice. It finds potential minima slightly off the center posi-
tion and tunnels among the different sites. A muonium im-
purity at an off-center location within the tetrahedral cage
should have some anisotropy in its hyperfine interaction. The
dynamical effect of tunneling would average out this aniso-
tropy and could explain the rather large field-dependent de-
polarization of MuI discussed above.

In the CuCl analogy, MuII can be assigned to muonium in
the center of the Zn cage after lattice relaxation has occurred
in reaction to the presence of the muon. There is apparently
a barrier between the two configurations which is overcome
thermally in the region where the conversion from MuI to
MuII is observed. A separation of singlet and triplet tuneling
states for muonium delocalized over four cation-related sites
has also been proposed as an explanation for such a barrier.30

Another interpretation of the two signals could be that
they correspond to two different sites, one to muonium in the
anion tetrahedral cage and the other to muonium in the cat-
ion tetrahedral cage of ZnSe. In a theoretical paper,31 isotro-
pic hyperfine interactions of 3333 MHz for Mu in the Zn
cage �TZn� and of 3248 MHz for Mu in the Se cage �TSe�
were predicted, which are remarkably close to our experi-
mental values. In this second interpretation, MuI would cor-
respond to a deep-donor state at TSe, which supports a neutral
and a positively charged muonium center. MuII is then a deep
acceptor state at TZn, which supports a neutral and a nega-
tively charged center.

In the zinc blende structured II-VI materials, which have
considerable ionic character in the bonding, the anion cage
becomes competitive with the bond-centered location for
both the neutral and positively charged donor states. The
strong evidence here for conversion from MuI to MuII would
then imply that the TZn acceptor site is the more stable loca-
tion for Mu in ZnSe. This experimental evidence also implies
that, in the two-site model, the site-change transition is faster
than MuI ionization below roughly 50 K. However, if the
MuI deep-donor ionization rate were competitive and in-
creasing more rapidly with temperature, then ionization of
MuI prior to conversion to MuII could provide a simple ex-
planation for the decrease in MuII amplitude that is observed
between 60 and 150 K �Fig. 2�. This is also consistent with a
second exit route from MuI as inferred from the fits to the
data of Fig. 6.

The present experiment confirms that normal muonium at
an acceptor site, here called MuII, is the stable muon configu-
ration in ZnSe. The only other neutral signal in ZnSe is MuI
which converts to MuII. Here, and in many other investiga-
tions of ZnSe, no sign of the shallow effective-mass donor
has been found. Thus ZnSe belongs to the class of semicon-
ductors in which the shallow donor is absent and instead one
or more deep muonium centers are observed, as is the case
for Si or for GaAs.1 There is no clear experimental evidence
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in ZnSe, as there was for CuCl, on which to base an inde-
pendent choice between the two-site and single-site models;
thus, it is not definite at this juncture whether or not a deep
donor state is also observed in addition to the deep acceptor
ground state. However, several arguments favor the single-
site model; the MuI relaxation rates, the very close resem-
blance of ZnSe and similarity of the data to the CuCl system,
together with the definite assignment of the two Mu signals
to the same T-site cage in CuCl. All these advocate rather
strongly in favor of the single-site interpretation.
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