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In the context of a systematic study of oxide materials with the muon spin spectroscopy (μSR) technique,
we report here on an investigation of paramagnetic Nd2O3. The question was whether the magnetism of Nd3+

has an influence on the observed signals. In Nd2O3, as in the other oxides, a weakly paramagnetic component
is observed besides the pure diamagnetic fraction. The paramagnetic part is assigned to a transient state formed
between the initial atomic and the final bound muonium configuration. In addition, a fast relaxing signal (λ ∼
7 μs−1) with 10% to 20% fraction is seen in longitudinal field. Contrary to this general behavior of the oxide
materials, in the present magnetic compound, a resonancelike structure is seen in the temperature range around
40 K. We assign it tentatively to a dynamical process related to the population of the first excited Kramers doublet
of the Nd3+ ion at 2.6 meV.

DOI: 10.1103/PhysRevB.100.205203

I. INTRODUCTION

Oxides with trivalent rare-earth cations, of the general
sesquioxide form R2O3, play an important role in solid state
physics and materials science and present a rich field for
technological research and applications [1–6]. In fact, as rare-
earth sesquioxides can present more than one crystal structure,
for particular temperature and pressure conditions, they may
exhibit several phases (spin, charge, orbital states), which
can enhance the diversity in potential applications. Among
rare-earth sesquioxides, Nd2O3 assumes a prominent role in
photonic applications, as a candidate high-κ dielectric, in
sensor or catalyst applications [7–13].

The hydrogen impurity is mostly unavoidable within ma-
terials and can have a deep impact in the properties of semi-
conductors and insulators, particularly in the electrical prop-
erties. Hydrogen is known to passivate impurities or defects
in semiconductors, but isolated hydrogen can also act as a
dopant or as compensating amphoteric impurity [14–16]. The
knowledge of the isolated hydrogen configurations inside the
material is of fundamental importance in order to understand
the electrical properties [17–20].

Nd2O3 is no exception and the growth methods for this
rare-earth sesquioxide imply the possibility of introduction
of the hydrogen impurity in high concentrations [11,21,22].
Thin films of Nd2O3 grown by atomic layer deposition present
hydrogen concentration as high as 1.2% [22]. However, little
is known about the effect of hydrogen in Nd2O3.

The investigation of the configurations of isolated hydro-
gen in semiconductors and oxides has known an intensive
contribution from the experimental results obtained by muon
spin spectroscopy (μSR) on muonium [15,16,23–25]. This
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atom formed by an electron bound to a positive muon can
be thought of in condensed matter physics and chemistry as
a light pseudoisotope of hydrogen, due to the similarity of its
electronic properties [15,25,26]. The implantation of positive
muons allows us to probe the ground state as well as transient
metastable configurations of muonium, which allows us to
clarify many microscopic aspects of the hydrogen dynamics
inside the material [27–30].

Muon spectroscopy studies of muonium as a pseudoisotope
of hydrogen are however generally undertaken in diamagnetic
materials. The muon being a very sensitive magnetic probe,
the existence of paramagnetism may impact on the μSR
signal. The presence of the paramagnetic Nd3+ ions in Nd2O3

therefore brings the additional challenge of separating the
effect of the paramagnetic ions on the usual signals of the
different muonium configurations in this paramagnetic oxide.

In insulating and semiconducting oxides, two main signals
are usually observed in μSR studies: (i) precession of the
muon spin at the characteristic Larmor frequency of the bare
muon, assigned to the diamagnetic fraction, and (ii) charac-
teristic frequencies of neutral muonium in an atomic or bound
configuration [29,31]. Recently, additional signals from tran-
sient muonium configurations were reported [32–34].

Previous works in oxides with paramagnetic ions have
focused on the diamagnetic fraction attributed to bare μ+
[35–40], seldom on paramagnetic configurations [41]. The
present work represents a successful attempt to characterize
muonium configurations in a paramagnetic oxide.

II. EXPERIMENTAL DETAILS AND RESULTS

A high-purity polycrystalline sample of Nd2O3 was used
(obtained commercially from Alfa Aesar, REacton, 99.999%)
in this work. Nd2O3 crystallizes in the hexagonal La2O3

structure (A-type, space-group P3̄m1, No. 164) [42].
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FIG. 1. Temperature dependence of the inverse magnetic volume
susceptibility (in the SI system) of Nd2O3, for an external applied
magnetic field Bap = 10 mT. The inset shows the well-known lifting
of the degeneracy of the tenfold 4I9/2 ground state of the Nd3+

paramagnetic ion due to the effect of the crystal field.

Conventional magnetometry measurements were under-
taken at the TAIL Facility of the University of Coimbra: the
temperature dependent inverse magnetic susceptibility of our
sample (subject to an external magnetic field B = 10 mT) is
shown in Fig. 1 in the temperature interval 1.8 to 300 K.
Long-range antiferromagnetic order in Nd2O3 sets in only
for temperatures below 550 mK [13]. The temperature de-
pendence of the susceptibility at high temperatures is well
described by a Curie-Weiss model with the expected magnetic
moment for the Nd3+ ion. The deviation at low temperatures is
a well-known crystal field effect associated with the lift up of
the degeneracy of the J = 9/2 ground state multiplet [43]. The
corresponding energy levels are shown as an inset in Fig. 1
[44].

Muon spin spectroscopy experiments were performed at
the EMU instrument of the ISIS Facility at the Rutherford-
Appleton Laboratory (United Kingdom). Conventional muon
spin rotation measurements were undertaken from T = 8 K
up to T = 640 K with an applied transverse magnetic field
B = 10 mT. Longitudinal field measurements were also per-
formed at room temperature. Calibration of the maximum
asymmetry of the instrument was obtained using a silver
sample. The analysis of the raw spectra was performed with
the WiMDA software [45].

A. μSR time spectra

Figure 2 shows the experimental μSR time spectrum at
low transverse field (10 mT) at the temperature of 100 K.
The oscillation frequency corresponds to the Larmor preces-
sion frequency expected for the diamagnetic (bare) muon.
However, the spectrum shows clearly two components, dis-
tinguished by the relaxation rate. The slow component (red
line in the upper frame of Fig. 2) relaxes with a rate of
λ = 0.05(1) μs−1 (due to nuclear moments) and is assigned
to muons in a diamagnetic environment. Using an exponen-
tial rather than a Gaussian relaxation for the diamagnetic
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FIG. 2. Transverse field time spectrum at T = 100 K and B =
10 mT. Two relaxations can be distinguished: Slow [0.05(1) μs−1]
and moderate [0.38(3) μs−1]. The total asymmetry is shown in the
upper panel, together with the fitted slow relaxing component (red
line). The lower panel displays the data after subtracting the slow
component (red line in the upper panel), together with the fitted
moderately relaxing component (red line in the lower panel).

component is justified since the nuclear spins of Nd2O3 are
diluted (the abundance of Nd isotopes with nuclear spins is
20.5%) and, in this situation, the internal field distribution
from the nuclear magnetic moments is more Lorentzian than
Gaussian like.

The difference between the total spectrum and the diamag-
netic component is displayed in the lower frame of Fig. 2. The
relaxation rate of this curve [λ = 0.38(3) μs−1] indicates that
an interaction with an unpaired electron is involved. Similar
signals were observed in many other systems [38,46–52]. We
assign this moderately relaxing signal (moderate to distin-
guish it from fast, see fast signal in Fig. 3) to a transition state
which is formed as an intermediate configuration between
incoming atomic muonium and the final bound configuration
(for details see Ref. [32]). The suggested underlying pro-
cess is that the originally tightly bound electron of atomic
muonium leaves the confinement at an interstitial site and
forms a weakly bound configuration with an extended wave
function similar to that of shallow donors in semiconductors.
In this situation the hyperfine interaction is weak and probably
fluctuating. The resulting average hyperfine interaction leads
to line broadening around the diamagnetic line and thus to a
relaxation of the diamagneticlike signal.

This assignment is controversial in the μSR community.
In a number of papers the relaxing signal has been assigned
to stopped μ+ which after some delay captures an electron
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FIG. 3. Longitudinal field time spectrum at T = 300 K and B =
0.5 mT. The long-time behavior is fitted with a weakly relaxing
function (red solid line) to allow an extrapolation to early times. The
inset shows the first 2 μs of the spectrum.

from the ionization track of the implanted muon [47,50,53].
Assignments to Mu− have also been proposed [54]. These
models were developed taking into account that the frequency
of the signal is seemingly diamagnetic. We should, however,
note that in a Mg-doped zirconia sample an upward shift of the
frequency is seen for low external fields [32]. Similar upward
shifts were observed also in other experiments [50,52]. This
shift indicates the presence of a hyperfine interaction during
the lifetime of the state and thus contradicts the model of a
diamagnetic state with delayed capture or loss of an electron.
The present experiment is not suited to observe this frequency
shift—it requires adequate experimental conditions—but the
similarity of the samples in the present and in these other
experiments, as well as the similarity of the experimental
results, justifies the application of the transition state model
also in the case of Nd2O3.

We have also measured a longitudinal field decoupling
curve at 300 K. A low-field time spectrum is shown in
Fig. 3. The longtime behavior is fitted with a weakly relaxing
function (red solid line) to allow an extrapolation to early
times. The main emphasis in connection with Fig. 3 lies on
the fast signal (λ ∼ 7 μs−1) which is displayed separately in
the inset of the figure. The amplitude (∼20% fraction) and
the relaxation are fairly constant up to longitudinal fields well
above 100 mT. This indicates that a fairly large hyperfine
interaction in the order of atomic muonium is involved. We
assign the fast signal to delayed conversion of the incoming
(excited) muonium to ground state muonium, possibly via a
diamagneticlike transition state [32]. The fast signal is, due
to dephasing, not seen in the transverse field experiment and
constitutes the major part of the missing fraction in Figs. 2
and 4.

B. Temperature dependence

In order to obtain an overview of the data we analyzed the
transverse field measurement with a single frequency without
distinguishing between the moderately and slowly relaxing

FIG. 4. Diamagneticlike component at a transverse magnetic
field of B = 10 mT: Fraction, relaxation (λ), frequency, and phase
from one-component analysis. The red lines mark the overall behav-
ior of the parameters without the resonancelike feature at about 40 K.

signal. The fit parameters (fraction, relaxation rate, frequency,
and phase) are displayed in Fig. 4.

A remarkable feature of the data is the resonancelike
behavior at about 40 K. We discuss this part separately below.
The rest of the data, indicated by the red lines, show a behavior
similar to other oxides [33,49,51,55]. The fraction amounts to
about 80% of all muons for the major part of the temperature
range. At the highest temperatures above 500 K full recovery
sets in. Below 200 K, the fraction increases by about 10%.
The slightly higher fraction at low temperatures is attributed
to a thermal spike effect described in a recent paper [34].

The relaxation rate shows a strong decrease in the tem-
perature range between 150 and 250 K. This decrease is
attributed to the delayed conversion of the paramagnetic to
the diamagnetic configuration. The frequency and phase are
fairly constant outside the resonance region and correspond to
the values of the calibration measurement. The phase shows
little or no resonance effect within experimental error.

Thus, three special phenomena are observed and will be
discussed below. These are:

(1) Recovery of the diamagnetic fraction above 500 K.
(2) Conversion from paramagnetic to diamagnetic config-

uration around 200 K.
(3) Resonancelike behavior at 40 K.
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III. DISCUSSION

The μSR signal of this experiment is basically diamag-
netic, i.e., the precession frequency corresponds approxi-
mately to the Larmor frequency of the muon spin. However,
the relaxation at low temperatures (∼0.38 μs−1) is larger
than expected for the bare muon (∼0.05 μs−1), indicating an
interaction with an unpaired electron. The larger relaxation
disappears around 200 K due to the loss of the paramagnetic
electron (ionization).

A. Full recovery of the diamagnetic fraction above 500 K

The increase of the fraction above 500 K is attributed to
ionization of the missing fraction part. The activation energy
amounts to 0.4(1) eV. This recovery is usually assigned to the
thermal ionization of ground state muonium. However, this is
not completely unambiguous. It is also possible that ionization
takes place from some excited configuration before the ground
state is formed. Then the 0.4 eV represents only a lower limit
of the ionization energy of ground state muonium.

B. Conversion from paramagnetic to diamagnetic around 200 K

We assume that the strong change of the relaxation in Fig. 4
between 150 and 250 K is due to the delayed conversion of the
weakly paramagnetic to the diamagnetic configuration. Thus,
for an individual muon the spin precession relaxes first with
the rate λe + λn and after some time with the rate λn. The
rate λe is due to the interaction of the muon spin with the
paramagnetic electron and λn to the interaction with nuclear
spins. In the paramagnetic configuration both interactions
are present, thus the sum of the two relaxation rates has to
be taken. We assume that the muonium electron is strongly
coupled to the Nd ions and takes part in the fast fluctuation of
the Nd magnetic moments. As a result, an average hyperfine
field is seen at the muon site. The average field from the
electronic surrounding and the field from the nuclear moments
are superimposed. Thus, the two relaxation rates λe and λn

have to be added.
The ensemble averaging over all conversions with a mean

conversion time τ yields for the polarization function:

P(t ) = a1

(
1 − 1

λeτ + 1

)

× exp

[
−

(
λe + λn + 1

τ

)
t

]
cos(ωt )

+ a1
1

λeτ + 1
exp(−λnt ) cos(ωt ), (1)

a1 is the fraction taking part in the conversion. P(t ) has the
form (without the cos term):

P(t ) = fpara exp

[
−

(
λe + λn + 1

τ

)
t

]

+ fdia exp(−λnt ). (2)

The relaxation of the paramagnetic fraction contains the
contribution 1/τ from conversion.

The μSR time spectra were fitted with Eq. (1), assum-
ing λn = 0.05(1) μs−1, the value obtained by the fit of the

FIG. 5. Temperature dependence of the fractions fdia, fpara, and
ftot = fdia + fpara, highlighting the conversion of the paramagnetic
to diamagnetic fraction in the temperature region around 150 to
250 K. The fractions are shown in the upper frame and the relaxation
rate of the moderately relaxing signal is shown in the lower frame.
The relaxation of this component is caused by a distribution of
internal fields (λ0 = λe + λn ) and the contribution 1/τ from lifetime
broadening. The fit curves correspond to an activation energy of
0.14(2) eV.

spectrum in Fig. 2, and treating a1, λe, and τ as free param-
eters. In the transition region around 200 K, λe was fixed to
the value obtained at lower temperatures to avoid ambiguities.
Figure 5 shows in the upper frame the fractions fpara, fdia, and
ftot = fpara + fdia as a function of temperature. In the lower
frame the relaxation rate of the moderately relaxing param-
agnetic signal is displayed. This relaxation has two contribu-
tions, one (λ0 = λe + λn) caused by the distribution of inter-
nal fields and the other (1/τ ) caused by lifetime broadening.

In this analysis the decrease of the paramagnetic fraction
equals the increase of the diamagnetic fraction. In the con-
version region, the relaxation rate of the paramagnetic signal
increases due to lifetime broadening. Thus the disappearance
of the paramagnetic signal has two reasons, the decrease of
the fraction and the increase of the relaxation rate. The two
phenomena are correlated via the mean conversion time τ . In
the past, the separation of these phenomena posed problems
and often either the fraction [56] or the relaxation [51] was
kept constant and only the other parameter was varied. The
correlated approach used here gives a more adequate descrip-
tion of the conversion process.

We assumed in the above analysis that the diamag-
netic fraction is completely due to the delayed conversion
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(ionization) of the paramagnetic configuration. However, part
of the diamagnetic fraction may be formed promptly or at
least on a different timescale than the diamagnetic fraction
resulting from conversion. In the above analysis we did not
distinguish between these two contributions.

C. Resonance at 40 K

As seen in Fig. 4, a resonancelike structure shows up at
around 40 K: the relaxation rate is increased and the fraction
and frequency are decreased, the phase is little affected.
This experimental feature (peaklike and diplike behavior) is
indicative of a spin-lattice (T1) resonance effect. The present
transverse field geometry is not well suited to measures T1

processes. However, in case of strong coupling of the muon
spin with the surrounding electronic system, T1 relaxation may
give rise to the observed effects. We assume for the analysis
that a fluctuating spin-lattice interaction comes into resonance
with the Larmor precession of the muon spin. Then the 1/T1

relaxation rate has the following dependence:

1

T1(μ)
∝ τc

1 + (ωLτc)2
, (3)

with ωL = γμBext and τc the correlation time. This yields at
the peak position:

ωLτc(T = 40 K) = 1

⇒ τc(T = 40 K) = 1

γμBext
= 0.74 μs. (4)

Thus, a fairly slow dynamical process is involved which
certainly does not correspond to the thermal fluctuation of
the Nd moments. However, the low-lying Nd3+ spin states are
grouped in Kramers doublets and the first excited doublet lies
only 2.6 meV above the ground state [44] and thus becomes
appreciably populated at 40 K. Since the effective magnetic
moments of the ground and excited state are different one
obtains a fluctuating hyperfine interaction which may cause
the T1 relaxation of the muon spin. In this interpretation, the
resonance at 40 K in the present experiment is attributed to the
excitation and deexcitation of the Nd3+ first excited Kramers
doublet with a rate in the order of 1/( 0.74 μs) at 40 K.

Another dynamical process is the site change of the weakly
bound electron with respect to the muon position. This will
lead to a fluctuating hyperfine interaction with different values
and orientations and could give rise to a T1 resonance in
both magnetic and nonmagnetic materials. The fact that no
such resonance has been observed so far in the nonmagnetic
oxides points in the direction that the magnetism of Nd3+,
in particular the excitation of the 2.6 meV Kramers doublet,
plays a role. A combination of site changes and different
occupations of the Nd3+ spin states could also be responsible

for the resonance besides the fluctuation of the occupation.
Thus, dynamical processes related to the occupation of the
first excited Kramers doublet of Nd3+ are the most likely
interpretation of the resonance.

IV. CONCLUSIONS

The μSR results for the present paramagnetic Nd2O3

sample are qualitatively similar to data obtained for previ-
ously studied nonmagnetic oxides [31,34,49,51,55]. The main
component (in the present experiment 80% to 90% fraction)
is a signal with a diamagneticlike precession frequency but
showing two different relaxations (moderate and slow). The
moderately relaxing signal (sometimes called fast relaxing)
[32,34,49] was heavily disputed in the past, assigned either to
Mu+ or Mu− with delayed capture or loss of an electron. In
a recent paper [32] we gave a different interpretation of this
state, i.e., assigned it to a weakly paramagnetic configuration
which is formed as an intermediate state between compact
muonium and the final bound configuration where the muon is
incorporated in the lattice structure. The present data are fully
consistent with this transition state interpretation.

For the conversion of the moderate to slow fraction around
200 K a new formalism was developed which avoids ambigu-
ities between fraction and relaxation in the transition region.
In this analysis, the fraction and the relaxation are determined
by a single parameter, the mean lifetime τ .

The present study on a paramagnetic sample reveals a
resonancelike structure (the 40 K resonance), a feature not
observed in previous experiments on nonmagnetic oxides
[31,34,49,51,55]. We assign this resonance behavior tenta-
tively to the excitation of the first Kramers doublet of Nd3+

at 2.6 meV [44,57,58]. At 40 K, the ground and excited state
are almost equally occupied but their population fluctuates. If
this dynamical process comes into resonance with the muon
Larmor precession, a spin-lattice relaxation may give rise to
a resonance behavior. A combination of electron site changes
and different occupations of the Nd3+ spin states could also
give rise to a fluctuating interaction. The present tentative
assignment has to be checked by further experiments.
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