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Barrier model in muon implantation and application to Lu2O3
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In implantation experiments, the implanted particle is shot with a certain energy into the material and comes
to rest at a site which may not correspond to the final position. The rearrangements of the surrounding atoms
to accommodate the particle, i.e., the reaction with the host atoms may require some time and lead to delayed
formation of the final states. In the case of the implantation of positive muons, this rearrangement process can
be followed on a timescale of nanoseconds to microseconds. A delay is expected if an energy barrier inhibits the
prompt reaction. We note that the barrier height may change during the rearrangement of the lattice, thus giving
rise to a two-dimensional potential profile for the conversion process. The barrier model describes the reaction
path of the muon in analogy to the passage over a mountain with a saddle point. The passing over the saddle
point corresponds to the lowest energy trajectory. As an example, we discuss the application of the barrier model
to solid Lu2O3.
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I. INTRODUCTION

Muon spin rotation (μSR) is a widely used method in
materials science [1,2]. The muons are implanted into the
material, come to rest at an interstitial site, and finally form
characteristic states which are distinguishable in the μSR
experiment. These states are [3–6]: (i) Almost free neutral
muonium (μ+ e−) at an open interstitial site. In the literature
this state is called normal muonium, interstitial muonium,
or atomlike or atomic muonium. Its hyperfine interaction is
isotropic and close to the vacuum value. (ii) Bound neutral
muonium (μ+ e−), where muonium is incorporated into the
lattice structure, i.e., it reacted with the surrounding atoms.
The appearance of this state may vary significantly in μSR:
In the classical Si case, muonium is embedded into the bond
between two Si atoms (bond-centered muonium) and shows
intermediate properties concerning electron binding energy
and hyperfine interaction [3,4]. Another example of bound
muonium is the shallow donor state in CdS and ZnO [7,8].
(iii) Positively charged configuration (μ+) which in semicon-
ductors is also in a bound configuration corresponding to the
ionized version of (ii). The bound structure results from a
reaction of muonium or muon with the surrounding atoms in
the host.

The formation probabilities of these different states show
a large variety as a function of temperature and other external
parameters (e.g., electrical field) and depend strongly on the

*ruivilao@uc.pt

specific material and its electronic properties, e.g., the doping
[3,4]. Conversely, the fractions of the different μSR signals
can be used to extract properties of the material.

The formation probabilities of the different configurations
are not well understood. In a number of papers delayed
formation was reported [9–16]. The usual interpretation in
the past was that it relates to delayed capture or loss of an
electron by the muon center. We showed in a recent paper
[17] that in the case of zirconia the delay is caused by the
lattice rearrangement necessary to accommodate muonium.
We proposed the following process [17]: Muons which have
picked up an electron during the slowing down process come
to rest at an interstitial site as compact atomic muonium
with a large hyperfine interaction. However, this electronic
configuration is not stable and the electron spreads out form-
ing a shallow donorlike state with a weak and fluctuating
hyperfine interaction. This state is observed as a fast relaxing
diamagneticlike signal in μSR. The lifetime (ns to μs) ends
when the ground state is formed.

In the present paper we describe this process in analogy
to traversing a mountain from one side to the other (atomic
to bound). A barrier exists if the formation energy along the
transition trajectory goes through a maximum. We apply the
barrier model to the recently measured Lu2O3 data.

The model is not applicable to cases in which the ground
state is formed promptly without going through the transition
state. Examples are possibly Si and Ge. The formation of the
transition state is suppressed, e.g., if the bandlike electron
configuration (shallow donor state) has higher energy than
the atomic state, both in the unrelaxed lattice. The branching
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between the bandlike and atomic configuration depends on
the material but also on temperature if thermal excitation is
needed to form the bandlike state. Thus, the delayed formation
of the final states may have different reasons, either rearrange-
ment of the lattice or interaction with charge carriers. In the
present paper, we discuss the phenomena related to the lat-
tice rearrangement necessary to accommodate the implanted
muon.

In the past few years we have used muon spin spectroscopy
in order to model the behavior of the isolated hydrogen
impurity in dielectric oxides [13,18–23]. These materials
find increasing interest and application in modern electronic
devices [24–26]. The goal of the muon spin spectroscopy
experiments is to obtain a microscopic understanding of these
materials on an atomistic scale, in particular regarding the
characterization of the hydrogen impurity, which is ade-
quately modeled by the muonium analog [2,4,5]. This work
has been performed often in conjunction with ab initio DFT
calculations on the same systems [27–31]. Many similarities
have been found, and the typical signature of the acceptor
configuration shows up as the almost free muonium in an
interstitial site [5,6,13,18,20,28,31–33], whereas the donor
configuration typically appears as a shallow-donor state bound
to oxygen [5–8,20,23]. However, significant unexplained dif-
ferences have been found in particular with respect to the
formation probabilities of the different states.

Among rare-earth oxides, Lu2O3 is particularly relevant
due to its chemical and mechanical stability [34,35], as well
as due to its thermal, optical, and electric properties [35–38].
It has attracted much interest as host material for continuous
wave laser operations [35] and is a promising potential gate
material for the next generation of field-effect transistors in
high-κ technology [26]. However, little is known about the
defect physics of Lu2O3. The relevant hydrogen impurity
has been addressed recently by da Silva et al. [39], where
a thorough theoretical approach has been complemented by
the identification of the formation of an atomlike muonium
configuration. We now present an extended report of this
investigation and analyze the data in the barrier model devel-
oped in this paper.

II. EXPERIMENTAL DETAILS AND RESULTS

A polycrystalline Lu2O3 sample used in the present
study was obtained commercially from Alfa-Aesar (REActon
99.995%). The μSR measurements were performed partially
at TRIUMF (Vancouver, Canada) [40] and partially at ISIS
(UK) [41]. At TRIUMF, high-transverse field (up to 7 T) mea-
surements were performed at the HiTime spectrometer on the
M15 surface muon channel, and zero-field measurements at
the LAMPF spectrometer on the M20 muon channel. At ISIS,
low transverse field (10 mT) and longitudinal field data were
obtained with the EMU spectrometer in the temperature range
from 8 to 700 K. Each of these experiments revealed particular
aspects of this investigation (see experimental results). Details
of the instruments and of the μSR method can be found on the
web pages of TRIUMF and ISIS [40,41].

Figure 1 shows the Fourier spectrum of a high-field μSR
measurement at T = 300 K. Clearly the lines of diamag-
netic muon νd and the lower-frequency line ν12 of atomlike

FIG. 1. Fast Fourier transform of the μSR time spectrum at T =
300 K for applied transverse field of 7 T, showing the presence of the
diamagnetic frequency νd and the muonium ν12 frequency.

interstitial muonium are seen. The higher-frequency line ν34

of muonium is not accessible in this experiment.[39]
At low temperatures, an additional fast relaxing signal is

observed which is best seen in the longitudinal field measure-
ment (Fig. 2).

Thus, all together, three signals can be distinguished: The
muonium signal, the diamagnetic signal, and the fast relaxing
signal. The fractions vary with temperature (Fig. 3). At low
temperatures (T < 50 K), the diamagnetic fraction accounts
for about 30% of all muons, the fast fraction and the muonium
fraction each for about 10%. Thus, about 50% of the muons
show no signal here (missing fraction). At T = 300 K, atomic
muonium is the dominant species with a fraction well over
40%, the diamagnetic signal has about 25% fraction, and the
fast signal does not exist at this temperature.

There is an overall missing fraction of about 30% to 50%
which is due to depolarization by a precursor process. A
further missing fraction in the temperature range between
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FIG. 2. Longitudinal-field μSR spectrum at BLF = 3 mT and
T = 7 K. The dotted line corresponds to a fit to the long-time
behavior; it gives a relaxation rate of 0.010(4) μs−1. Clearly a fast
relaxing component (relaxation rate approximately 6 μs−1) is seen at
the beginning of the time spectrum.
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FIG. 3. Temperature dependence of the three muon fractions in
Lu2O3 as a function of temperature (diamagnetic and fast from zero-
field measurement, muonium from 7 T experiment). For muonium,
the fraction of the observed lower muonium line was multiplied by
two to account for the nonmeasured upper muonium line.

about 50 and 200 K is explained by dephasing during a
specific conversion (see Sec. IV B below).

A. The muonium state

The atomlike muonium state (Fig. 1) is observed in Lu2O3

at all temperatures in the range of the present high-field
experiment (8 to 300 K). The data have been analyzed with a
superposition of cosine functions as in Ref. [39], cos(ωt + φ),
where ω is the angular frequency and φ is a phase. The phase
has a constant contribution from the geometrical arrangement
of the detectors (here approximately 100 deg) and a possible
shift due to a precursor effect.

The hyperfine interaction extrapolated to zero temperature
is 3629(2) MHz, corresponding to about 81% of the vacuum
value; it decreases slightly with temperature due to vibrations
of the surrounding atoms. The fit curve is obtained assuming
an Einstein model for the vibrations with an activation energy
of 21(2) meV [32].

The fraction of atomic muonium (second frame of Fig. 4)
amounts to over 40% around room temperature but decreases
with decreasing temperature. Below about 200 K, the analysis
of the time spectrum clearly reveals a signal at the muonium
frequency with an amplitude corresponding to about 10%
fraction.

The phase of the atomic muonium signal (third frame of
Fig. 4) is constant within errors and is consistent with no
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FIG. 4. Temperature dependence of the parameters of atomic
muonium in Lu2O3 at an external magnetic field of B = 7 T. The
solid lines in the upper two frames are fits with the Einstein model
and an Arrhenius function, respectively. The phase in the third
frame is the phase of the ν12 frequency (833 MHz), the dashed
line corresponds to the phase expected for this frequency from a
calibration curve using silver.

phase shift. A phase shift is expected for a single step reaction
but it averages to zero for repeated forth and back reactions.
The latter is apparently the case in the present situation. An
important consequence of this result is that the reduction of
the fraction at lower temperatures is not due to dephasing
(delayed formation from a diamagneticlike precursor) but cor-
responds to a lower formation probability of atomic muonium.

The rather large and fairly constant relaxation rate is prob-
ably due to slight variations of the local internal field at the
muon site. Large relaxations of atomic muonium signals are
commonly reported in the literature [4,32].

B. The fast relaxing signal

The time spectrum in Fig. 2 clearly reveals a fast relaxing
signal in Lu2O3. The properties of this signal as obtained
from zero-field measurements are displayed in Fig. 5. Below
about 50 K, the fraction amounts to approximately 10% and
the relaxation rate is on the order of 6 μs−1. Above 50 K,
the signal becomes weaker and a clear separation between
fraction and relaxation effects becomes difficult. However, in
spite of this difficulty, the data indicate that the relaxation
rate increases above 50 K. We interpret this behavior as
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FIG. 5. Fraction and relaxation rate of the fast relaxing signal as
a function of temperature.

a conversion of a precursor state to atomic muonium (see
discussion below).

C. The diamagnetic signal

The diamagnetic signal from the low transverse field is
shown in Fig. 6. The slight difference in the absolute values
compared to the zero-field experiment shown in Fig. 3 is
likely due a normalization effect, in particular with respect
to the zero-field background. This does not affect the overall
shape of the temperature dependence. The diamagnetic sig-
nal has different origins. Part of it is due to incoming μ+
which has not picked up an electron in the charge exchange
process during slowing down. The other part stems from
neutral muonium which was formed in the charge exchange
process but has converted to a diamagneticlike configuration.
We distinguish two possibilities; either the electron remains
near the muon but is in a transition state [17] with a weak
hyperfine interaction which fluctuates and averages to almost
zero, or the electron is lost during the reaction of muonium
with the lattice and the μ+ state is observed. Experimentally,
we cannot distinguish between these two possibilities in the
present case.

The diamagnetic fraction (upper frame of Fig. 6) shows
a two-step recovery with increasing temperature. A fit with
Boltzmann functions [13] (solid line) yields activation ener-
gies of 0.07 and 0.7 eV, respectively.

At low temperatures (below about 60 K), a remarkable in-
crease of the fraction with decreasing temperature is observed.
This is not due to a conversion to muonium, because that
would imply an increase of the relaxation of the diamagnetic
component, and this effect is not observed. Also, the interpre-
tation of the decrease with increasing temperature as due to
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FIG. 6. Fraction and relaxation rate of the diamagnetic signal in
Lu2O3 at B = 10 mT. The signal may partially be due to a very
weakly relaxing paramagnetic component with a diamagneticlike
frequency behavior. The solid line in the fraction plot corresponds
to a two-step recovery with activation energies of 0.07(2) and 0.7(3)
eV, respectively. The low-temperature peak in the fraction plot is
attributed to a “hot-atom” effect (see section “thermal spike” below).
The different values of the relaxation at around 300 K were obtained
after changes in the experimental setup; they indicate systematic
uncertainties.

dephasing is not realistic, since for very similar frequencies
the dephasing effect is negligible. Therefore, we attribute this
anomaly to a “hot atom” effect and discuss it below in the
concept of a “thermal spike” [42].

The depolarization rate σ of the diamagneticlike fraction
(lower frame of Fig. 6) amounts at low temperatures to about
0.08 μs−1. This value is at the upper end of the expected
depolarization rate due to nuclear moments (the calculated
depolarization value depends on the position of the muon
with respect to the surrounding atoms; it is not well known).
Thus the signal may possibly correspond to a pure diamag-
netic configuration. However, the shape of the temperature
dependence (rather abrupt change of the depolarization rate to
about half of its value around 60 K) is better understood if one
assumes that part of the depolarization is due to a very weak
paramagnetic state which disappears above 60 K. The gradual
decrease of the depolarization rate above room temperature is
attributed to long range diffusion.

D. Decoupling experiment

The decoupling measurement was performed in longitudi-
nal field geometry at the temperature of 7 K. A typical μSR
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FIG. 7. Decoupling experiment at T = 7 K. The residual polar-
ization (open circles) shows a recovery in the field range around
100 mT; it corresponds to the decoupling of an interaction with
atomic muonium characteristics but it cannot be fitted by a unique
hyperfine interaction. At about 1 mT a low interaction is decoupled
corresponding probably to a weak paramagnetic component (see
text). The fast relaxing component (filled circles) is not decoupled
at low fields, but the signal disappears when atomic muonium is
decoupled.

time spectrum is shown in Fig. 2: A very slowly relaxing
(almost constant) signal is superimposed by a fast relaxing
signal at short times. At fields below 1 mT an additional
slowly relaxing signal is observed (relaxation rate approxi-
mately 0.1 μs−1) but is not shown here. The fraction of the
almost constant signal (attributed to the residual polarization
part) and the fraction of the fast relaxing signal are displayed
in Fig. 7.

The main decoupling occurs at rather high fields around
100 mT. This indicates that the strong atomic-muonium-like
interaction is decoupled in this region. However, the shape
of the curve cannot be fitted assuming a decoupling of the
3.6 GHz muonium observed directly in the high transverse
field experiment. We suppose that several components, includ-
ing fluctuating ones, are contained in this curve.

A slowly relaxing component, probably a paramagnetic
state with a very small hyperfine interaction, becomes de-
coupled at fields below 1 mT (increase of the decoupled
fraction in this region). In the transverse field experiment this
component cannot be distinguished from the real diamagnetic
fraction because of too similar parameters. Thus, not much is
known about this component.

The fast component remains constant up to fields of sev-
eral 10 mT. This excludes that this component is due to
an anisotropy of the muonium state discussed before. The
disappearance of the fast signal coincides with the decoupling
of the atomlike muonium interaction. This indicates that the
fast signal corresponds to a precursor state (transition state)
which converts to atomic muonium.

III. THE BARRIER MODEL

The barrier model describes the conversion of incoming
muonium (μ+ e−) to one of the three final configurations:

FIG. 8. Muonium trajectories (black and colored lines) on a
two-dimensional potential landscape during the relaxation of the
lattice. Reaction coordinates parallel (longitudinal) and perpendic-
ular (transverse) to the ridge separating the atomic configuration
from the bound configuration are indicated. (Note: Muonium has
additionally internal coordinates corresponding to the distance of
muon and electron.) Different potential profiles reflect the changes
of the atomic arrangement during the lattice relaxation. The red line
shows the path over the barrier (formation of a bound configuration).
The black line and the blue line correspond to the prompt and the
delayed formation of atomlike muonium, respectively. The encircled
region indicates the area of the fairly long-lived (ns to μs) transition
state in which the electron is only weakly bound, resulting in a small
hyperfine interaction.

Atomlike muonium, bound muonium, and bound muon. As an
analog, one may have in mind the crossing of a mountain from
one side to the other through a saddle point. The barrier model
is widely used in chemistry to describe chemical reactions by
calculating trajectories on potential energy surfaces [43]. In
the present case, the formation of the final muon states may
be considered as a reaction of the muon with the surrounding
atoms.

Figure 8 shows schematically a two-dimensional potential
profile with a saddle point. In the analog mentioned above, the
two dimensions correspond, e.g., to the north-south and the
east-west direction. For muonium, one dimension (transverse)
corresponds to the coordinate perpendicular to the ridge sepa-
rating the atomic configuration from the bound configuration.
The other coordinate (longitudinal) is parallel to this ridge.
It corresponds also to a timescale: Muonium proceeds on
the slope of the mountain; the barrier height changes due
to lattice relaxation. The different potential profiles refer to
actual atomic configurations of the relaxing lattice. The lowest
energy path of muonium to a bound configuration (muonium
or μ+) goes over the saddle point. The right part of the figure
is of no significance, it just indicates that there is no lower
potential than the saddle point potential. The trajectories start
at a point high up in the mountain; muonium is brought there
by the implantation (see also the paragraph “starting point”
below).

We consider here only those muons which have picked up
an electron in the charge exchange process and stop as neu-
tral muonium. The muons stopping directly in the positively
charged configuration μ+ are expected to react immediately
with the lattice and form a bound state. Thus, a diamagnetic
fraction in addition to the fractions originating from muonium
may exist.
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Starting point. The stopped muonium has initially addi-
tional potential energy since it is embedded in the unrelaxed
lattice. The value of this energy is in the order of 1 eV [44] and
depends on the host material. Thus (see Fig. 8), muonium may
start from a potential above the saddle point but still on the
atomic muonium side of the barrier. There are other situations
possible for the starting point, but the one indicated in Fig. 8
is probably realistic for our example case.

Weakly bound state. The pickup of the electron in the
charge exchange process occurs, for cross section reasons,
into an atomic level of muonium. However, this state may not
be stable for longer times and decay into a shallow-donor-
like electron configuration. Very generally, the shallow donor
state configuration is the expected configuration if a positive
charge is embedded in a dielectric medium with effective-
mass conduction band structure. We note that the formation of
the weakly bound donor state may need a thermal activation
if the initial atomic level does not lie in the conduction band
of the host material.

Barrier height. Muonium loses potential energy by excita-
tion of local vibrational modes via electron-phonon coupling.
At the same time, the lattice configuration around muonium
changes due to thermal fluctuations (partially due to the
emitted phonons). Thus, trajectories as indicated by the black
and colored lines in Fig. 1 may occur.

Three basic types of trajectories may be distinguished (see
Fig. 8): (i) Prompt descent on the atomic muonium side of the
barrier (black line), (ii) delayed descent on the muonium side
(blue line), and (iii) path over the barrier (red line). The first
two trajectories lead to the formation of atomlike muonium
(prompt or delayed), whereas the third path corresponds to
the formation of a bound configuration. The barrier height
determines, together with temperature and other parameters,
the branching between atomlike and bound muonium.

Ionization. In the transition state, the electron is only
weakly bound to the muon and the binding energy fluctuates
with changing lattice configuration. Thus, it is possible that
along the trajectory the muonium electron gets lost to the
conduction band or to traps and the positive muon remains
behind. It then reacts immediately with the lattice and forms
a bound configuration. Ionization determines the branching
between bare muon and muonium configurations.

IV. APPLICATION OF THE BARRIER MODEL TO Lu2O3

In Lu2O3, atomlike muonium is more stable than bound
muonium [39]. This favors the descent on the atomic side of
the potential profile, i.e., the formation of atomlike muonium.
In Fig. 8, two atomic-side descents are indicated, one prompt
(black) and one delayed (blue).

A. Prompt formation of atomic muonium (black line in Fig. 8)

The immediate descent on the atomic side of the potential
profile corresponds to the direct conversion of initial muonium
to the final configuration in the relaxed lattice. We assign the
atomic muonium presented in Figs. 1 and 3 to this process.
At 300 K, the prompt process accounts for about 46% of
all muons (the visible line has about 23% fraction). At low
temperatures, the visible fraction of atomic muonium goes

down (see Fig. 4). This could be due either to a reduced forma-
tion probability or to dephasing caused by delayed formation
from a precursor with a different frequency. The fact that no
appreciable phase shift is observed for the remaining atomic
fraction below 200 K points in the direction that this part is
formed promptly and not via a transition state. Fast electron
spin fluctuations which could suppress the phase shift but not
the amplitude are unlikely at this low temperature. The signal
is very weak and no detailed information is available for it.
Therefore no definite assignment can be made, but prompt
conversion is plausible.

B. Delayed formation of atomic muonium (blue line in Fig. 8)

A fraction of stopped muonia forms quickly the weakly
bound state (with diamagneticlike frequency) and remains in
this state until it decays to relaxed atomic muonium. Thus,
there is a conversion from the initial diamagneticlike signal to
the final muonium signal with a mean conversion time τ . We
assign the fast relaxing signal presented in Fig. 5 to the initial
state in this conversion process.

The main parameter for this conversion is given by (for
Lu2O3 with A = 3.63 GHz; high field limit, 7 T data):

�ω ≈ πA = 11.4 ns−1, (1)

where �ω is the difference of the angular frequency of the
muonium line and the diamagnetic line. The relaxation of the
initial state (fast relaxing signal) and the fraction of the final
muonium state are correlated by

λfast = λ0 + 1

τ
,

fMu = 1
√

1 + (�ωτ )2
, (2)

where λ0 describes an offset due, e.g., to line broadening by
a fluctuating hyperfine interaction and 1/τ is the relaxation
due to the finite lifetime of the state. The second part of
Eq. (2) describes the amplitude reduction in the high field
limit [see Eq. (1)] [32]. At lower fields, the detailed structure
of muonium has to be taken into account [4]. We do not make
use of the exact �ω values in the analysis of the low field
data. If the mean conversion time is longer than about 1 ns
(τ > 1 ns), then dephasing in transverse field is complete
[see Eqs. (1) and (2)] and no muonium signal is observed
from this process. This explains the low muonium fraction
at low temperatures. The still observed small fraction at low
temperatures is attributed to the branching between prompt
and delayed formation of atomic muonium.

The delayed muonium formation via the transition state is
characterized (see Fig. 9) by (i) the disappearance of the fast
signal (initial state) through the increase of the relaxation rate
(lifetime shortening) around 70 K and by (ii) the appearance
of the muonium signal (final state) at around 200 K when
the transition is so fast that no dephasing takes place. In the
intermediate temperature region, no signal from this process
is seen due to dephasing.

In principle, one could interpolate between these two re-
gions, e.g., by assuming an Arrhenius behavior for the lifetime
τ of the initial state. However, this is not very meaningful
since first of all the lifetime shortening with temperature is
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FIG. 9. Fast relaxation rate (from zero-field measurement) and
muonium fraction (from 7 T measurement) as function of tempera-
ture. The lines in the figure are guides to the eye.

not necessarily Arrhenius-like and second as the lifetime gets
very short, the intermediate weakly bound state may not be
formed at all and a direct conversion to atomic muonium may
occur. Therefore, the solid lines in Fig. 9, though obtained
with Arrhenius functions, are considered as guides to the eye.

C. Formation of a bound configuration (red line in Fig. 8)

The diamagnetic signal (Fig. 6) is assigned, at least par-
tially (some part may be due to muons which stopped directly
as μ+), to the conversion of the originally stopped muonium
to a bound configuration. During this conversion path (red line
in Fig. 8) the electron may get lost (ionization) and a change
of the weakly paramagnetic to a purely diamagnetic state may
take place. In the present experiment, we cannot distinguish
between the signals of these two configurations and therefore
present the data for the sum of these two components.

Thermal activation over the conversion barrier is assumed.
The black line in Fig. 6 represents a two-step recovery with
activation energies of 0.07 and 0.7 eV, respectively. The
recovery in two steps with very different activation energies
seems to indicate that one conversion occurs from the ground
state and the other one from an excited level. Such an excited
configuration is the transition state for which the conversion
over the barrier requires only a small activation. We tentatively
assign the 0.7 eV activation to the conversion from the ground
state atomic configuration and the much smaller activation
(0.07 eV) to the conversion from the transition state, i.e., to
a jump over the barrier while the muonium is still in the high
potential area. This can qualitatively be seen on the potential
picture in Fig. 8.

Thermal spike. As mentioned before, the re-increase of
the diamagnetic fraction with decreasing temperature below
about 60 K (see Fig. 6) is attributed to a “hot atom” effect [45]
which may be qualitatively understood in the following way:
muonium stopped in the unrelaxed lattice is at a higher poten-
tial than ground state muonium and therefore is more reactive
(“hot”) than the latter. The extra potential energy is gradually
converted into local heat which spreads out into the surround-
ing. One may thus speak of a thermal (or temperature) spike
which decays with time [42]. At low temperatures, the local
heat remains relatively long at the muon site (because of low
thermal conductivity) but decreases rapidly as the temperature
increases. No low-temperature thermal conductivity values
are available for the present substance but it is known that
the thermal conductivity of nonmetals increases very strongly
with temperature from a very low value at low temperatures
[46,47]. Thus the thermal spike effect disappears at higher
temperatures, here above about 60 K, due to rapid heat flow
into the surroundings.

A more detailed discussion of this effect is beyond the
scope of the present paper. We would, however, like to men-
tion that this low temperature effect may be present also in
other muon experiments and deserves further attention.

V. CONCLUSIONS

The barrier model assumes that the originally formed
muonium (electron pickup in the charge exchange circle) is
hindered by a barrier to react with the host lattice. However,
thermal activation may initiate the reaction. The end products
are almost free muonium at an interstitial site or muonium
(or bare muon if the electron is lost during the conversion)
embedded in the lattice structure of the host. We note that, as a
local probe, the muon is not very sensitive to defects and other
global properties of the sample [13]. Since the implantation
places the muon statistically into the sample, it sees mainly
the intrinsic surroundings in the lattice. The sample used here
is of high purity (see experimental details), so that we can
assume that we are measuring intrinsic properties. The pro-
posed model is therefore of significance beyond the particular
sample and material presented here.

Since the barrier height depends on the actual atomic
configuration (which changes with time during the lattice re-
laxation), the potential profile for the reaction (Fig. 8) presents
a two-dimensional character. The waiting for a favorable
potential profile (in particular the saddle point configuration)
competes with the potential loss of muonium due to the spread
out of the local energy originating from implantation.

This leads to the following assignment of the observed
signals:

(i) Atomic muonium, for which the hyperfine lines are
observed, corresponds to the prompt formation of this state
from the incoming compact muonium without going through
the transition state (prompt descent on the muonium side of
the potential profile in Fig. 8).

(ii) The fast relaxing signal is assigned to the relatively
long-lived weakly bound state (formed from the incoming
muon with an electron from the charge exchange cycle), still
in the basically unrelaxed lattice. The lifetime of the transition
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state ends by conversion to relaxed atomic muonium (delayed
descent on the atomic side of the barrier in Fig. 8).

(iii) The diamagnetic signal has various origins: Part of
the signal is due to incoming μ+ which, in oxides, forms
promptly a bound configuration. The other part stems from
muonium surmounting the potential barrier and forming a
bound configuration. During this transition, the electron may
get lost and the final state corresponds actually to bare muon.
But it is also possible that the electron remains bound but
the final bound muonium state is not observed due to late
formation.

We showed on the example Lu2O3 that the barrier model
can explain the rich variety of experimental findings of this
experiment. The model is applicable also to other similar
systems and will shed light on the so far badly understood
final step in muon implantation. As in chemistry [43], for-
mation rates and reaction trajectories can be calculated if the

potential energy surface is known. Theoretical calculations in
this direction are scarce [27,30]. At present, it is more likely
that one chooses the opposite way and infers barrier heights
and reaction trajectories from experiment findings.
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