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Polycrystalline samples of Li2O were irradiated with 1-MeV electrons at different temperatures,Tirr, in the
range 21 to 275 K, and their electron paramagnetic resonance spectra measured. The created defects manifest
a strongTirr dependence.~i! At low temperatures,Tirr<200 K, mainlyF1 centers~O vacancies with a trapped
electron! are formed; thermal annealing leads to their recovery nearTann5400 °C, which is accompanied by
the emergence of a new signal nearg52.003, possibly due to their agglomeration into smallF1 clusters. The
latter disappear at 600–700 °C.~ii ! At Tirr5200 K, theF1 spectra are superimposed by theg52.003 line and
by a new narrow signal atg52.0023, probably already caused by small metallic colloids.~iii ! At Tirr5275 K,
finally, only a narrowT-independent line~DH;1022 mT! is observed atg52.00235(2), characteristic for
metallic Li colloids. The microwave dielectric constant,«, measured on the same specimens increased notably
after the room-temperature irradiation emphasizing the presence of metallic particles, while remaining un-
changed for lowerTirr . Both the colloid line and the radiation-inducedD« vanish simultaneously aboveTann
'250 °C.

I. INTRODUCTION

Lithium is one of the few metals1 whose conduction elec-
trons yield a signal in electron-spin-resonance~CESR! and
has, therefore, drawn particular experimental and theoretical
attention already in the early CESR days.2 For the same rea-
son, it was also a much studied candidate for metallic colloid
formation in ionic crystals~for a review, see, e.g., Ref. 3!.
Thus, after the pioneering work on neutron-irradiated LiF~of
NaCl structure!, where Li colloids had been detected by x
rays,4 NMR,5 and EPR,6 and later by differential thermal
analysis,7 they were also observed more recently in optical
absorption work on Ar- and Ne-ion implanted LiF samples8

and on the surface of low-energy electron bombarded LiF
crystals.9 The other system where Li colloids were reported
unambiguously is its crystallographic analogue LiH. There,
metallic lithium was formed by additive coloring through
exposure to uv light and detected by electron paramagnetic
resonance~EPR! and optical absorption by Doyle, Ingram,
and Smith,10 while Pretzelet al.11 observed them in LiT-
containing LiH exposed tob radiation from the tritium de-
cay; Berthault, Bedere, and Matricon12 reported a CESR line
in g-irradiated LiH.

The radiation stability of Li2O ~of antifluorite structure!
has been studied intensively since its establishment as a pro-
spective first-wall cladding material in fusion reactors, due to
the tritium breeding properties of the lithium nucleus. Most
of the radiation damage work was done by Noda and co-
workers in the Japanese Atomic Energy Research Institution,
where detailed studies were performed on Li2O bombarded
with fast and thermal neutrons,13–17 by high-energy oxygen
ions,18–20 and lithium ions.21 The observations were inter-
preted by the creation and evolution ofF1 centers~oxygen
vacancies with a trapped electron!. Asaokaet al.22 investi-
gated the luminescence spectra in Li2O irradiated with
2-MeV He1 ions, and Bakeret al.23 described an EPR signal
due to interstitial hydrogen,H0, after x-ray irradiation. No Li
colloids were reported until now in irradiated Li2O, except
by Noda and co-workers13,16,17,19where an occasional extra

line nearg52.003 in their EPR spectra was claimed to be
caused by metallic Li clusters, mainly because of its isotro-
pic character.~We shall show later in this work that this line
is not due to Li colloids but most probably to small nonme-
tallic aggregates ofF1 centers.!

In the present work, where we have succeeded to create
metallic lithium colloids by energetic electron irradiation of
Li2O and to observe them by means of CESR and microwave
conductivity measurements, we shall determine the condi-
tions for their formation from the primary defects, which
appear to be theF1 centers. At the same time, we shall
describe the formation and evolution of the latter under elec-
tron irradiation and subsequent annealing and compare our
results with data obtained after heavy-particle irradiation.
The following results concern primarily polycrystalline ma-
terial; the analysis of single-crystal work is in progress and
shall be published in the future. Preliminary data were com-
municated at the REI-8 conference on radiation effects in
insulators in Catania.24

II. EXPERIMENTAL TECHNIQUES

The specimens were prepared from nominally 99.5% pure
polycrystalline Li2O grains, purchased from Cerac Inc.~Mil-
waukee, WI!, which contained according to the supplier 0.08
at. % Al, 0.02 Si, and less than 0.01 at. % Ba, Ca, Cr, Cu, Fe,
Mg, Mn, Sr, and Ti, each. 0.5 mm thick platelets of about
532 mm2 size were cut from the grains and annealed in a
vacuum of,1026 Torr for 5 hours at 900 °C to eliminate
residual LiOH and Li2CO3. For irradiation purposes, the
samples were wrapped in a 10mm thick copper foil fixed to
a holder and transferred to a liquid-hydrogen cryostat at-
tached to our Van de Graaff electron accelerator. The em-
ployed beam energy was 1 MeV; this ensures a uniform dam-
age distribution in our samples, as only;150 keV are lost by
1 MeV electrons in 0.5 mm Li2O.

25 The irradiation tempera-
ture was controlled by regulating the beam current and/or a
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heater positioned above the hydrogen bath and measured
with a copper-constantan thermocouple soldered to the cop-
per foil. In this experiment, we had applied the following
irradiation temperatures:Tirr521(1) K, 90~5! K, 150~3! K,
200~2! K, and 275~3! K. After irradiation, the samples were
kept in liquid nitrogen if necessary, but were extracted at
room temperature for the measurements.

For defect detection, X-band EPR experiments were per-
formed on a Bruker ER200D spectrometer between 4 and
300 K. Furthermore, microwave conductivity measurements
were done on the same specimens, using aTE10n cavity with
eight useful resonant modes in the range 7–15 GHz; the
measurement, with an HP8510C network analyzer, of the
shift in frequency,D f , and of theQ factor,D(Q21!, permit-
ted to determine the real and the imaginary parts of the di-
electric constant,«5«82i«9.

A thermal annealing treatment was applied to the speci-
mens by heating them in a dynamic vacuum in steps of 50°,
for one hour each, up to the disappearance of the introduced
damage.

In addition, the sample quality and its evolution with the
various treatments, was checked by x-ray diffraction on iden-
tical Li2O specimens irradiated simultaneously in the same
copper bag with their twin.

III. EXPERIMENTAL RESULTS

In the present section, we shall describe the results ob-
tained after electron irradiation at various temperatures,
Tirr , between liquid-hydrogen and room temperature and the
subsequent recovery behavior of the samples, organized in
subsections according to the differentTirr . Note that the in-
tensities of all the lines~as used in Figs. 2, 3, 5, 7, and 9! are
taken in the same, though arbitrary, units and are, therefore,
comparable with each other.

A. T irr 521 K

A typical EPR spectrum obtained after a low-temperature
irradiation with a beam current of 40mA/cm2 and a fluence
of 0.831020 e2/cm2, is shown in the upper part of Fig. 1. It
corresponds to that of theF1 center observed by Nodaet al.
after heavy-particle irradiation15,16,19 and exhibits the 25
lines of the hyperfine structure due to the cubic environment
of an oxygen vacancy surrounded by eight Li7 ~I5 3

2 ! nuclei
as first neighbors. Upon heating above room temperature, the
F1 signal decreases gradually and a central line emerges
simultaneously atg52.0030(2), with a width of DH;0.5
mT. The latter has reached its maximum after annealing at
Tann5400 °C, when theF1 spectrum has nearly vanished
~lower part of Fig. 1!. The differing origin of the central line
is clearly seen in the different saturation behavior of its in-
tensity,I c , when compared to that of its first neighbor to the
left, I c21, demonstrated in Fig. 2, for several measuring tem-
peratures,Tm , as parameter; theF1 signal, represented by
I c21, saturates at much lower microwave power than the
central line, I c . All signals exhibited Curie-like behavior
with temperature.

The global annealing behavior of the two lines,I c and
I c21, is represented in Fig. 3. For easier visualization, we
have also drawn the difference,DI5I c2I c21 for each
Tann, indicating the maximum of the central line at 400 °C

and its progressive disappearance untilTann;600 °C. Note
also the simultaneous decrease of theI c-linewidth from
DH;0.5 to 0.1 mT. Finally, we wish to mention that the
originally white specimen, which had become dirty yellow-
ish ~khaki-like! after irradiation, has turned gray-black dur-
ing the anneal~darkest afterTann5400 °C!, before bleaching
again for higher temperatures. The dielectric constant re-
mained unchanged after irradiation,«0856.0~3! and
«0950.01~1!.

B. T irr 590 K and 150 K

The results of the two irradiations~with a beam current of
10 mA/cm2 and a fluence of 0.331020 e2/cm2 at Tirr590 K,
and 20mA/cm2 and 0.6531020 e2/cm2 at Tirr5150 K! were
qualitatively similar, and we shall present them together,
stressing occasional differences when appropriate. Figure 4
exhibits room-temperature EPR spectra immediately after ir-
radiation ~the upper and central parts!, for both Tirr , and,

FIG. 1. Room-temperature EPR spectra of Li2O irradiated at 21
K by 1-MeV electrons to a dose of 0.831020 e2/cm2. Upper spec-
trum: after irradiation; microwave attenuationP534 dB ~corre-
sponding to a power of 100mW!, modulationM50.2 mT. Lower
spectrum: after an anneal atTann5400 °C; P528 dB ~400 mW!,
M50.2 mT.

FIG. 2. Intensity as a function of microwave power for the cen-
tral line, I c ~full signs!, and for its first neighbor to the left,I c21
~empty signs!, after irradiation at 21 K and annealing at 400 °C, at
various measuring temperatures,Tm , indicating different saturation
behavior of the two lines.
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after an anneal at 450 °C~lower part!, for the representative
Tirr590 K case. One notes that, in both irradiations,F1

centers are created, which are transformed into the defect
characterized by the central line atg52.0030 upon anneal-
ing. A significant difference between the two irradiations is
the somewhat more complex spectrum afterTirr5150 K
~central part of Fig. 4! as if superimposed by another line in
the center—in that case theg52.003 line showing up al-
ready at 25 °C.

Figure 5 presents the annealing behavior of the two line
intensities, I c and I c21, together with their difference
DI5I c2I c21, as a function of temperature, forTirr590K.
As the maximum of the central line emerges, this time, after
Tann5450 °C, it turns out to be better separated from theF1

signal than after the irradiation atTirr521 K ~Fig. 3!. More-
over, its linewidthDH tends to increase again withTann
above 500 °C, fromDH;0.15 to 0.3 mT. TheF1 signal
disappears in both cases at 400 °C, theg52.003 line van-
ishes progressively until 750 °C. Like in the first case, the
emergence of the central line after an anneal at 350–400 °C
is accompanied by a striking color change of the sample,
from khaki to gray-black.

C. T irr 5200K

Increasing the irradiation temperature to 200 K~with a
beam current of 25mA/cm2 and a fluence of 0.631020

e2/cm2! leads to an increase of the central complex structure
with respect to the still present but strongly diminished ‘‘nor-
mal’’ F1 signal~Fig. 6, upper spectrum!. But, most interest-
ing, one notes an additional narrow line~DH;0.05 mT! at
g52.00232 to 2.00235, close to the free-electron value. Un-
like all the other signals present, this line exhibits no Curie-
like temperature dependence and could be a first manifesta-
tion of small metallic colloids.

The high-frequency dielectric constant, which had re-
mained the same after the three lower-temperature irradia-
tions, seem, this time, to have increased slightly to«857.0~3!
and«950.02~1!. This is close to the limit of our measuring
sensitivity but appears credible, in view of the equally modi-
fied sample color: it has turned dark-gray right after irradia-
tion, instead of khaki as before.

The annealing behavior is summarized in Fig. 7, and a
selected spectrum afterTann5350 °C is shown in the lower
part of Fig. 6. TheF1 signal vanishes at 400 °C, the central
line grows strongly untilTann5350 °C and decreases there-
after together with its linewidth up to 600 °C. The intensity

FIG. 3. Annealing of the spectra of Fig. 1, giving the intensity
recovery ofI c , of I c21, and of the difference,I c2I c21. The evo-
lution of the linewidth,DH, of the central line is also shown.

FIG. 4. Room-temperature EPR spectra of Li2O irradiated at 90
K and at 150 K, with 0.3 and 0.6531020 e2/cm2, respectively;
P522 dB ~1.6 mW!. ~a! after irradiation at 90 K,M50.2 mT; ~b!
after irradiation at 150 K,M50.2 mT; ~c! Tirr590 K, after anneal-
ing at 450 °C,M50.1 mT.

FIG. 5. Same as in Fig. 3, forTirr590 K.

FIG. 6. Room-temperature EPR spectra of Li2O irradiated at
200 K with 0.631020 e2/cm2. Upper spectrum: after irradiation;
P520 dB ~2.5 mW!, M50.1 mT. Lower spectrum: after an anneal
at Tann5350 °C;P526 dB ~625mW!, M50.2 mT. Note the pres-
ence of a narrow colloid line atg52.0023, after irradiation.
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of the colloid line, I coll , grows until aTann550 °C before
disappearing at 200 °C~inset of Fig. 7!; its linewidth has a
slight tendency, if any, to increase withTann, in contrast to
that of the central,I c , line.

D. T irr 5275 K

An irradiation close to room temperature~Fig. 8 beam
current 40mA/cm2 and a fluence of 1.131020 e2/cm2! has
now led to a qualitatively new situation. Instead of the hy-
perfine structure of theF1 center one observes only a very
narrow~DH<0.01 mT! line, which has all characteristics of
a signal due to metallic lithium: it is positioned at
g52.00234 to 2.00238; its intensity follows a Pauli law—the
T independence is shown in the inset of Fig. 8, with an
equallyT-independent linewidth; it is isotropic, according to
preliminary results obtained with a single crystal. The line is
somewhat broad at the wings and a good fit requires at least
two Lorentzians, indicating the probable presence of colloids

of various sizes. The line shape is definitely not dysonian,
which is consistent with a colloid size below the micron
range.

Most impressive, however, is the striking simultaneous
increase of the dielectric constant. The sample, which has
turned black after the irradiation, exhibits now an« irr8 527
and« irr9 57, suggesting in a convincing manner the presence
of metallic particles. In particular, the notable« irr9 permits
now the measurement of a RF conductivity of severalS/m,
at least three orders of magnitude higher than before irradia-
tion. We wish to mention here that the comparison of the
measurements was done on one fixed frequency,f510 GHz,
as we observed a certain frequency dependence in the« de-
termination. In fact,«8 was roughly constant between 7 and
15 GHz, while «9 was proportional tof. Note that an
effective-medium model of the Maxwell-Garnett type,26 de-
scribing the specimen as an assembly of metallic particles
embedded in an insulating matrix, predicts precisely such a
behavior. The annealing is shown in Fig. 9, indicating that
the radiation-inducedD«8, D«9 recover more or less simulta-
neously with the disappearance of the colloid line, at
Tann5350 °C.

E. X-ray observation

We have examined several specimens, irradiated together
with those measured by EPR, through x-ray diffractometry.
In particular, one sample~called e-17! was irradiated at
Tirr590 K, another~e-19! at 275 K, and their lattice con-
stants,a, determined after crushing them into powder. A
comparison with three nonirradiated Li2O specimens treated
otherwise in the same way~origin, preliminary anneal and
storage! showed a slight increase ofa for the samplee-17
after irradiation at 90 K, but a decrease fore-19 irradiated
near room temperature~cf. Table I!. At the same time, the
width of selected lines in the x-ray diffraction spectrum in-
creased by about 10% fore-17 and by 40% fore-19, corre-
sponding roughly to the ratio between the bombarding elec-
tron fluences, i.e., the induced lattice damage. These
preliminary results, especially the apparent contraction after

FIG. 7. Same as in Fig. 3, forTirr5200 K. The intensity evolu-
tion of the colloidal line atg52.0023 withTann is shown in the
inset.

FIG. 8. Upper part: room-temperature EPR spectrum of Li2O
irradiated at 275 K with 1.131020 e2/cm2; P532 dB ~156 mW!,
M50.005 mT. Inset:T dependence of the signal, showing Pauli
behavior of its intensity.

FIG. 9. Annealing of the intensity of the colloid line of Fig. 8
~its linewidth remains constant!, together with the evolution of the
radiation-induced changes in the real and in the imaginary parts of
the dielectric constant,D«8 andD«9 @«0856.0~3!, «0950.01~1!, before
irradiation#.
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introduction of lithium colloids, remain to be confirmed and
will be discussed in a later paper treating single-crystal data.

IV. DISCUSSION

A. Creation of F1 centers

The defects introduced after 1 MeV electron irradiation
have the clear cut hyperfine signature of theF1 centers char-
acterized by Nodaet al.15 following an in-pile thermal neu-
tron irradiation at a temperature somewhere between 50 and
100 °C. Their introduction rate was given as initially 4F1

cm21 per neutron for a fluence of 431016 n/cm2, decreasing
rapidly to 0.2F1 cm21 per neutron for 1.731019 n/cm2. We
have determined the number ofF1 centers corresponding to
the intensity of theF1 signal in our EPR spectra, by com-
paring a calibrated CuSO4 signal, and find, for example, for
the 21 K and 90 K irradiations, as the simplest cases exhib-
iting a pureF1 signal, a concentration of 1.1531024 F1 per
Li2O molecule in the former sample and of 1.531024 F1 per
molecule in the latter, corresponding to a damage rate by 1
MeV electrons of 5.831022 F1 cm21 per electron atTirr
521 K and 0.831020 e2/cm2 and 8.931022 F1 cm21 per
electron atTirr590 K and 0.331020 e2/cm2, possibly indi-
cating a small saturation effect for the former.

Assuming the absence of a notable radiolytical process~as
suggested by Nodaet al.15 following a negative gamma irra-
diation! and, thus, a purely collisional displacement mecha-
nism for the creation ofF1 centers, one can estimate their
concentration in an electron irradiation using the tables of
Oen27 who had calculated the cross sections for atomic dis-
placement for a great number of elements. The threshold
energy for displacing an oxygen atom in Li2O has not been
determined experimentally; we are, therefore, taking a value
measured by Pells in MgO,28 where similar damage mecha-
nisms can be considered to a good approximation,T d

0553
eV, giving a cross section of 7 barns for 1 MeV electrons.
For the two fluences used above, we obtain 5.631024 per
molecule in the former case and 2.131024 per molecule in
the latter. The very reasonable order-of-magnitude agreement
of these calculated values and the measured concentrations
given above are a strong indication for the predominance of
a collisional displacement mechanism for the creation ofF1

centers.

B. F1 aggregates

The central line nearg52.0030, which develops during
the annealing process and is already present at room tem-

perature in the case of the 150 and 200 K irradiations~Figs.
4 and 6!, can be attributed to small aggregates ofF1 centers,
the latter probably becoming mobile near 150 K. The parallel
increase of its intensity and decrease of theF1 signal~Figs.
3, 5, and 7!, with a maximum just at the vanishing of the
latter, together with the color change accompanying its emer-
gence, supports this proposal. The decreasing linewidth for
higher annealing temperatures,Tann>400 °C, is possibly
caused by growing aggregate size before disappearing~at
600–650 °C! due to arriving mobile Li vacancies.29

Finally, we wish to remark that the line atg52.003(1),
superimposed upon theF1 signal observed by Noda’s group
in Li2O irradiated with neutrons13,16,17 or with oxygen
ions16,19 and attributed by them to metallic lithium colloids,
possesses all the characteristics of our central line: ag value
between 2.003 and 2.004, a linewidth between 0.2 and 1 mT,
and an identical recovery behavior. This is probably also the
reason why Masakiet al.17 observe only theg52.003 line
after a neutron bombardment atTirr5650 K; theF1 centers
formed under irradiation have already vanished at this tem-
perature. The strongest arguments, however, against the as-
signment of theg52.003 line to metallic colloids is its tem-
perature dependence~never reported by Noda’s group!,
which is Curie-like in our experiments, and the practically
unchanged dielectric constant of the samples of Secs. III A to
III C, in striking contrast to those containing colloids~Sec.
III D !.

C. Li colloids

The g52.0023 line showing up after the room-
temperature irradiation replaces apparently theF1 signal,
indicating an agglomeration of these simpler defects into me-
tallic clusters. This is a clear-cut manifestation of lithium
colloids in Li2O. The dramatic« increase is an additional
convincing argument for the presence of metallic particles.
The number of spins corresponding to the intensity of the
colloid line in the sample of Sec. III D was determined, tak-
ing into account its Pauli-like temperature~in!dependence
and applying a Fermi temperatureTF51.23105 K to be
1.931025 per molecule; this is a reasonable order of magni-
tude lower than that of the primaryF1 centers estimated
above, in view of possible elimination of the latter during
their migration.

The colloid line disappears after annealing at 350 °C~see
Fig. 9!, but in a broader stage than the simultaneously van-
ishing « increase,D«8 andD«9. One possible reason for this
behavior could be an initial colloid coalescence, conserving
the dielectric characteristics of the sample, until
Tann5200–250 °C, before their final breakup and disappear-
ance. As indicated above, the not quite regular line shape
might imply a distribution of colloid sizes, but this remains
to be confirmed.

Concluding, we wish to emphasize that, after the obser-
vation of metallic lithium colloids in LiF~Refs. 7–9! and
LiH,10–12the present experiments provide their manifestation
in another compound, Li2O. One can only wonder about the
reasons why Noda and his co-workers had not succeeded in
observing metallic clusters in their various irradiation experi-
ments. As theirTirr was often near room temperature and,
thus, the mobility of createdF1 centers sufficient for their

TABLE I. Lattice parameters and x-ray linewidths.

a ~Å! DQ~220!a

Non-irr. 4.6126~2! 0.103~2!

~average of 3!
e-17 4.6130 0.113~3!

~Tirr590 K!

e-19 4.6116 0.142~5!

(Tirr5275 K!

aFull width at half maximum of the~220! line at 2Q566.5°.
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agglomeration, we can only suggest the different impurity
contents as a possible argument. Indeed, their samples being
much purer15 than ours, the possibility of trapping mobile
point defects such as Li vacancies and interstitials by impu-
rities and, hence, of permitting theF1 agglomeration into
colloids might be larger in our case than in theirs.@Actually,
Noda et al. had already noted that theg52.0030 line was
present in sintered pellets of Li2O ~Ref. 13! but not in single
crystals15 attributing to the grain boundaries a role in the
precipitation process.# More generally, unambiguous obser-
vations of intrinsic metallic colloids in other oxides were, as

far as we know, reported until now only for Al ina-Al2O3 in
a high-voltage electron microscope,30 after unsuccessful ef-
forts with MgO ~Ref. 28!, Li2ZrO3 ~Ref. 31!, and
LiAlO 2.
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