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Abstract. Muon spin relaxation (µSR) measurements have been performed on the alkali metal
oxides Li2O and Na2O in order to model the behaviour of hydrogen impurities in these materials.
Lithium oxide has been suggested as a suitable blanket material for fusion reactions, hence the
need to understand the location and dynamics of T+ ions in the crystalline lattice. This oxide
becomes a fast ion conductor at high temperatures (T ∼ 1000 K) and our experiments also
provide information on the Li+ ion dynamics.

Muon implantation into these oxides at low temperatures (T ∼ 10 K) creates mainly neutral
muonium (the analogue of the hydrogen atom) with a smaller fraction (∼20%) of positive muons
µ+ at interstitial sites closely associated with O2− ions. At higher temperatures (T > 100 K)
the proportion ofµ+ formed increases, and there is an increased tendency for trapping at substi-
tutional lattice sites. A sharp decrease in relaxation rate was observed in Li2O at temperatures
above 250 K and from this temperature dependence we calculate the activation energy for muon
hopping relative to the Li+ ions, which are also mobile, to be approximately 90 meV.

1. Introduction

Lithium oxide, Li2O, has important technological applications as a leading candidate for a
blanket material in future fusion reactors [1]. The blanket converts energetic neutrons into
usable heat and breeds the tritium required to sustain the D–T fusion reaction using the
reaction6Li +n→ 3H+α. Its advantages as a blanket to surround the plasma vessel stem
from its high Li atom density, high melting point (Tm = 1705 K), low tritium solubility,
high thermal conductivity and fast tritium release.

It is of importance to ascertain the charge states, lattice sites and the diffusion of
tritium in this material at a microscopic level, but this has been extremely challenging
experimentally. Nuclear magnetic resonance [2] and neutron scattering [3] have been used to
measure lithium diffusion at high temperatures (∼1000 K) where the material becomes a fast-
ion conductor, and the assumption has been made that the dynamics of the T+ ions and Li+

ions are correlated [4]. Direct experimental observations of the T+ behaviour are, however,
limited to bulk diffusion measurements, although the subject has attracted considerable
theoretical interest. Theab initio electronic structure calculations of Shahet al [5] predicted
the energies and likely location of tritium as a substitutional defect associated with a Li+

vacancy (TLi), and of tritium as an interstitial defect separated from the Li vacancy (T+
i +

V−Li). In both cases the tritium is found to be bonded to an oxide ion to form OT− with an
O–T spacing of 0.99̊A. A further conclusion of this work was that the T+ and Li+ dynamics
are not necessarily correlated (although the activation energies are similar) and that the most
likely diffusion path for interstitial T+ is hopping between nearest-neighbour oxide ions.
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Figure 1. (i) Structure of Li2O and possible interstitial muon/tritium sites. (a), (b), (c) are
at 0.99Å from an oxide ion in the (100), (110) and (111) directions, (d) is the ‘empty cube
centre’ site. Lines show the nearest-neighbour ions. (ii) Substitutional sites in Li2O. (e) is on
the vacant Li lattice site, (f) is at 0.99̊A from one of the four neighbouring oxide ions, pointing
towards the vacant Li site.

The antifluorite crystal structure of Li2O may be considered as a simple cubic array of
Li+ ions of spacinga0/2 = 2.304 Å (at 293 K), with the O2− ions occupying alternate
cube centres; see figure 1. The structure and sites of the tritium centres produced following
neutron capture are not known, although the triton ion is expected to recoil from the lithium
vacancy produced with it. In this paper we have used muon spin relaxation (µSR), where the
muon acts as a light isotope of tritium (mµ/mT = 1/27), as a microscopic probe to provide
information on the trapping sites and diffusion of hydrogen-like defects in the Li2O crystal
lattice. Similar studies have been performed in other proton conductors, such as perovskites
[6]. The implantation of surface positive muons (energy∼4 MeV) can be expected to
closely mimic the behaviour of the recoil T+ ions (energy∼2.7 MeV) following the neutron
capture by6Li, andµSR provides us with an experimental technique to determine the local
structural environment and dynamics ofµ+. We note that the subsequent diffusion ofµ+

will be faster than for T+ because of the lower mass.
As an adjunct to our principal objective in studying hydrogen-like centres in lithium

oxide, we also describe correspondingµSR measurements for sodium oxide which has a
much lower ionic conductivity. These experiments enabled us to confirm our interpretation
of the (nuclear) magnetic interactions and dynamics in Li2O. For static muon and nuclear
moments the observed muon linewidths can be compared with the nuclear dipolar linewidths
calculated using the Van Vleck function with second moment given by

12 = (2/3)I (I + 1)h̄2
N∑
j=1

γ 2
j /r

6
j

whereγj andrj are the gyromagnetic ratios and distances from the muon of the nuclei (6Li,
7Li, 23Na) contributing to the linewidth, andI is the nuclear spin quantum number. Table 1
shows calculated values forσ = γµ1 (µs−1) for a range of muon sites in the Li2O and
Na2O fluorite structures.

If the nuclei have spinI > 1/2 and are in an electric field gradient (EFG), the presence
of a quadrupole interaction may modify the linewidth. If the quadrupole splitting is greater
than the dipolar interaction the nuclear spin is quantized along the EFG axis. For an EFG
directed towards the muon’s point charge and nuclear spinI = 3/2 the linewidth is reduced
by a factor(4/5)0.5 = 0.894. A simple point charge calculation for the interstitial site
(a) would predict a quadrupole interactioneqQ = 0.65 MHz in Li2O and 0.87 MHz in
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Table 1. Calculated dipolar muon linewidthsσ = γµ1 (µs−1) in Li 2O and Na2O. Note that
the relaxed lattices are based on theab initio calculations of Shahet al [5].

Linewidths
Host

Type Site lattice Li2O Na2O

Interstitial (a) 0.99Å from O2− in the (100) direction Fixed 0.6875 0.2682
(µ+i ) Relaxed 0.5144

Rapid hopping between the 6 (a) sites Fixed 0.4113 0.1868
around the same oxide ion
(b) 0.99Å from O2− in the (110) direction Relaxed 0.5283
(c) 0.99Å from O2− in the (111) direction Relaxed 0.5149
(d) Empty cube centre Fixed 0.5286 0.2135

Substitutional (e) Centred vacant Li+ site Fixed 0.3371 0.1362
(µ0
Li ) (f) 0.99 Å from O2− in the (111) direction Fixed 0.415

towards the vacancy Relaxed 0.4222 0.1767
Rapid hopping between the 4 (f) sites Fixed 0.311
around the Li+ vacancy

Na2O, implying that the quadrupole corrections should be applied. However,7Li NMR
measurements in doped Li2O [2] show a quadrupole splitting of only∼0.04 MHz for Li
nuclei near defect sites so some screening of the electric fields must be taking place. These
defect sites may be Li nearest-neighbour vacancies (V−

Li), calculatedeqQ = 0.23 MHz, or
F− substituting for O2− (F+O), 0.35 MHz. The substitutional sites (e) and (f) have zero net
charge so should give much lower (if any) quadrupole effects.

A muon hopping rapidly between a small number of sites (as distinct from a freely
diffusing muon) still shows a Gaussian lineshape. Such rapid hopping (or reorientation of
OH−) is observed by quasi-elastic neutron scattering in other oxides [7]. The field seen by
the muon is the vector average of the local fields at each site visited. The Van Vleck second
moment can be calculated by randomly choosing orientations of near-neighbour spins and
calculating the local field, then averaging over all possible spin configurations using a Monte
Carlo technique. Table 1 includes the results for two possible cases. Since the sites have
some nearest neighbours in common, the linewidth for a set ofN sites is reduced from that
of a single site by a factor smaller thanN0.5.

2. Muon spin relaxation

The positive muon,µ+, is an unstable elementary particle (mean lifetime∼2.2 µs) with a
massmµ approximately one-ninth of the proton massmp, a spin 1

2 and a magnetic moment
8.89µN . Muon beams are produced by the collinear decay of positive pionsπ+ → µ++νµ
(mean lifetime∼26 ns) and are 100% polarized in the direction opposite to theµ+ mo-
mentum. The polarization property (which can be exploited experimentally because one of
theµ+ decay products, the positron e+, is detected following preferential emission in the
polarization direction) is responsible for the high sensitivity of muon techniques, and only
a small number of stopped muons (102–103) are present in the investigated samples at any
particular time.

The muon may be stopped in virtually any material and its spin interactions monitored to
provide information on the static and fluctuating magnetic fields from neighbouring nuclear
and atomic moments. In the experiments to be described the magnetic interactions are only
between the muon and6Li and 7Li nuclear moments in Li2O and the23Na nuclear moments
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in Na2O. The magnetic moments and natural abundances (in parentheses) for the magnetic
nuclei are:6Li (7.42%) 0.8219µN ; 7Li (92.58%) 3.257µN ; 23Na (100%) 2.216µN . Muon
techniques include spin rotation, spin relaxation and spin resonance, collectively known
asµSR, although in this paper we are concerned only with muon spin relaxation in zero
magnetic field (ZF–µSR).

Following implantation into the sample, the initial polarization vector of the muon
spin ensemble either precesses in, or is relaxed by, the magnetic fields from local nuclear
dipoles. Our experiments were carried out in zero applied magnetic field in which the
time dependence of this depolarization over 10–20µs after implantation is determined by
measuring the anisotropy of the emitted positrons as a function of time. The experiments
were performed on the ARGUS and EMU muon spectrometers at the ISIS pulsed muon
source, where the accelerator pulse provides the time zero (t0) trigger.

The experimental set-up consists of forward (F) and backward (B) scintillation counters
relative to the beam direction, and the measured asymmetry spectrum,A(t), is defined by

A(t) = [IF (t)− αIB(t)]/[IF (t)+ αIB(t)]
where theI ’s represent time differential positron counts in the F and B detectors andα is
a correction factor to account for inequalities in the F and B detector assembly efficiencies.
A(t) is proportional to the time-dependent muon polarization, withA(t) = A0P(t), where
A0 is the maximum measurable asymmetry which is instrument dependent with a typical
magnitude of∼0.25. The two experimental observables of interest areA(t), which is
related to the relaxation function representing the muon/nuclear spin interactions, andA0,
the initial asymmetry, which can reveal rapid initial depolarization as occurs, for example,
in zero-field experiments if the positive muon captures an electron to form neutral muonium.
Experimental studies by Kudo and Okuno [8] have shown that the tritium charge state in
n-irradiated Li2O is T+, although ourµSR results show that muon thermalization into both
µ+ and neutral Mu (muonium) states takes place at temperatures less than 300 K.

3. Experimental results

3.1. Lithium oxide

Figure 2(b) shows the initial asymmetryA0 observed in polycrystalline Li2O at temperatures
between 20 K and 330 K. The results indicate that a large fraction (∼80%) of neutral
muonium is formed at the lowest temperatures and that this fraction decreases only very
gradually, reaching∼70% at the highest temperatures. The most probable positions for
muonium in the fluorite structure of Li2O are at interstitial sites at the empty cube centres.
The remaining fraction of muons, whose relaxation can be observed, is expected to be
bonded to O2− ions to form the OMu− ion. However, as the O2− ion has no unpaired
electrons and no nuclear moment it has no effect on the muon’s spin.

The relaxation functionsA(t) measured over the same temperature have been modelled
using a stretched exponential functionP(t) = exp(−(λt)β) and the relaxation ratesλ derived
from these fits are shown in figure 2(a).

Below 80 K theµ+ observed relaxation function is essentially Gaussian (β = 2) showing
that the muons are static at interstitial sites. The linewidthσ = λ = γµ1 ≈ 0.406(7) µs−1

is consistent with a local structure where the muon is bonded to a O2− ion with an O–µ
distance of 0.99Å, but freely rotating around it much more rapidly than the observed
relaxation rate, as in table 1. This agrees with the results obtained by Shahet al [5] where
the energy barrier for rotation is only 0.05 eV, which is probably less than the zero-point
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Figure 2. (a) Relaxation rateλ and (b) initial asymmetryA0 for Li 2O as a function of
temperature.

energy of the muon. However, we cannot discount the possibility that the muon is bonded
to one of the oxide ions next to a Li vacancy, site (f) in table 1.

Between 80 and 100 K theµ+ relaxation function becomes more Lorentzian (β → 1)
and the relaxation rate falls to about 0.3µs−1. This is indicative of the onset of muon dynam-
ics where either the diffusion is between interstitial sites or the muons become trapped at Li+

vacancy sites (but where the neighbouring Li+ ions are static). Between 100 and 200 K the
relaxation rate remains constant but, however, it is still Lorentzian in form. The linewidth
(when fitted to a Gaussian relaxation function) corresponds to a substitutional site where the
muon is either centred on the Li vacancy lattice site or rapidly hopping between the equiva-
lent sites at 0.99̊A from the four neighbouring O2− ions, as predicted to be the stable site for
T+ by Shahet al [5]. The apparent Lorentzian nature of the relaxation functionP(t) can be
explained by a small Lorentzian contribution from the muonium fraction, with a rapid relax-
ation rate of the order of 1–5µs−1. This is supported by measurements in an applied mag-
netic field transverse to the initial muon polarization, which shows a lower initial asymmetry.

The relaxation rate decreases sharply above 250 K and in this regime the Li+ ions
and the muons both occupy substitutional sites and are highly mobile; this is the classical
motional narrowing condition in magnetic resonance. This observation is in agreement
with 7Li nuclear magnetic resonance (NMR) data [2] which shows the linewidth starting
to decrease at around 300 K, followed by a large decrease at 450–600 K when all the7Li
nuclei are involved in the motion within the measuring time. It is of interest to note that
bothµSR and NMR have the sensitivity to observe ionic mobilities in the precursor phase
to the ‘fast-ion’ conduction phase in Li2O. Neutron diffraction, in contrast, requires Li+

Frenkel defect concentrations of a few per cent to provide a useful change in the diffraction
signal, and this only occurs at temperatures in excess of 1200 K [9], which is well into the
‘fast-ion’ conduction regime.

The decrease in relaxation rate which sets in at around 250 K can be used to calculate
the activation energy for muon hopping relative to the Li+ ions. The relaxation curves were
fitted with the zero-field Abragam function [10, 11]

P(t) = exp[−2(στ)2{exp(−t/τ )− 1+ t/τ }]
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Figure 3. Hopping rate for muons in Li2O giving the activation energy.
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Figure 4. (a) Relaxation rateσ and (b) initial asymmetryA0 for Na2O as a function of
temperature.

which models the relaxation of a spin hopping between equivalent sites at a rate (1/τ ). The
static linewidthσ was set from the low-temperature data. Plotting log (hop rate) against
inverse temperature and fitting a straight line gives an activation energy of about 90 meV;
see figure 3. Settingσ by fitting the data around 100 K withτ = 0 gives an activation
energy of∼190 meV.

Measurements of T+ diffusion give an activation energy from 0.5 eV (T dissolved) to
1.0 eV (irradiated) [1].Ab initio calculations give 0.45 eV for hopping between interstitial
sites or 1.75 eV for hopping between substitutional sites (Li+ vacancies) [5].
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7Li NMR relaxation rate and linewidth measurements have been made on pure Li2O
[2]. Motional narrowing givesT2 proportional to 1/τ in the case ofτ � T2, so fitting to the
Arrhenius behaviourτ(T ) = τ0 exp(Ea/kT ) gives an apparent activation energy of about
0.4 eV for the motion of the Li+ ions. The hop rate of a host Li+ ion is related both to
the mobility of the defect or vacancy and to the number of such vacancies, both of which
increase with temperature. In a pure sample where all the defects are created by thermal
activation this is likely to lead to an overestimate ofEa. However, data for 1% LiF doped
Li 2O gives a very similar activation energy, which suggests that the nominally pure sample
has enough impurities to give extrinsic behaviour at the temperatures studied.

The onset of the NMR linewidth change is around 300 K, although the main effect of
motional narrowing is seen between 450 and 600 K, where the mean residence time for a
Li+ ion is comparable toT2 for the static lattice (≈50µs). With less than 1% of defects the
hop rate for the vacancy will be over 100 times faster than that of an individual Li+ ion, and
would probably be comparable to the muon linewidth at around 300 K. It is therefore likely
that the increase in the muon hop rate around 300 K is related to the onset of Li+ ion motion.

3.2. Sodium oxide

Similar µSR experiments were also carried out on Na2O which has the same antifluorite
crystal structure as Li2O, but with a larger lattice dimension where the cubic array of Na+

ions have a spacinga0/2 = 2.775 Å (at 293 K). This material does not become a fast ion
conductor at elevated temperatures, but was studied because it provides another magnetic
nucleus to help confirm our interpretation of the magnetic interactions and dynamics in these
oxides. A large muonium fraction∼80% was also observed in Na2O at low temperatures. In
contrast to Li2O, this fraction decreased dramatically at approximately 300 K, as indicated by
the sharp increase in the initial asymmetryA0 in figure 4(b) for the diamagneticµ+ fraction.
The muonium fraction also had a much lower relaxation rate than in Li2O, obscuring the
first ≈1 µs of the diamagnetic spectrum.

Figure 4(a) shows the relaxation rates derived from the relaxation functions measured
for Na2O. The fits to a Gaussian lineshape are shown; however, a Lorentzian lineshape
was also used and sometimes gave a better fit to the data. A more general lineshape, such
as the stretched exponential or Abragam function, could not be fitted because of the initial
rapid relaxation of the muonium fraction.

At low temperatures theµ+ lineshape is Gaussian showing that the muons are static. The
linewidthσ = 0.282(16) µs−1 is consistent with an interstitialµ+ location at approximately
1.0 Å from an O2− ion, oriented in the (100) direction: site (a) in figure 1. Assuming that
none of the ions move from their lattice sites, the linewidth would beσ = 0.2682µs−1, as
in table 1.

Between 80 and 300 K the lineshape becomes Lorentzian with a relaxation rate falling
with increasing temperature, corresponding to muons diffusing between interstitial sites.
The change of linewidth with temperature is slow, giving an activation energy of 15 meV.
This may be expected if the muon is able to fit between the much larger Na+ and O2− ions.

Above 300 K the lineshape returns to Gaussian with a lower linewidthσ =
0.147(2) µs−1, due to muons trapped at Na+ vacancies. The calculated relaxation rate
for such a substitutional site (table 1) isσ = 0.1362µs−1 for a muon centred at a Na+

vacancy andσ = 0.1767µs−1 for the off-centre O2− bonded site as predicted for Li2O.
The rate of diffusion of Na+ ions must be very low (less than 0.05 µs−1) for the static
muon lineshape to be observed up to 400 K. Unlike Li2O, Na2O is not an ionic conductor.



7982 J S Lord et al

4. Conclusions

The predominant muon state observed following positive muon implantation into Li2O and
Na2O is neutral muonium, Mu, and is suggestive that the existence of tritium atoms in n-
irradiated Li2O cannot be dismissed, particularly at ambient temperatures and below. This
contrasts with the findings of Kudo and Okuno [8] for almost exclusive triton formation, but
is qualitatively reasonable because inclusion of a neutral atom into the ionic lattice requires
a lower energy. Interstitial hydrogen atoms take up the empty cube centre sites in fluorite
structures such as CaF2 [12], and by analogy the most probable Mu sites in these antifluorite
structures are also at the centres of the empty cubes in the crystalline lattice. However, the
muon measurements observe the charge state within the first∼20µs after implantation while
neutron irradiation and the subsequent observation of tritium content may take many hours.

At low temperatures (<20 K) the thermalized positive muons remain static and closely
bonded to O2− ions in both oxides. At higher temperatures (20 K< T < 250 K) the positive
muons start to diffuse, and there is an increased tendency for trapping at vacant Li+ (Na+)
substitutional sites; indeed, in Na2O a staticµ+ Gaussian relaxation behaviour was observed
characterized by a width corresponding to the23Na nuclear moment environment at this site.
The temperature increase also increases the fraction of muons thermalizing in theµ+ state.
This was more evident in Na2O which has the larger lattice constant and where positive ion
repulsion is smaller.

Above 250 K theµ+ relaxation rate in Li2O decreases rapidly due to fast Li+ diffusion
and the increased availability of substitutional vacancies. This observation is consistent
with NMR observations, and supports the hypothesis that theµ+ (T+) and Li+ dynamics
are correlated at high temperatures in this fast-ion conductor. The high temperatureµ+

relaxation rate observed in Na2O remained constant up to 380 K, which is indicative of
very slow Na+ ion mobility.
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