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Formation of two kinds of nonspherical lithium colloids
in electron-irradiated Li 2O single crystals

F. Beuneu,* P. Vajda,† and G. Jaskierowicz
Laboratoire des Solides Irradie´s, CNRS-CEA, E´cole Polytechnique, F-91128 Palaiseau, France

M. Lafleurielle
Laboratoire de Chimie des Solides, Universite´ Paris-Sud, F-91400 Orsay, France

~Received 15 October 1996; revised manuscript received 26 November 1996!

The two kinds of lithium metal colloids created in single crystals of lithium oxide by electron irradiation
near 0 °C manifesting themselves as two electron paramagnetic resonance metallic lines@see F. Beuneu and
P. Vajda, Phys. Rev. Lett.76, 4544~1996!# are investigated as a function of impinging electron fluence and
after an isochronal annealing treatment. The small (,1mm! colloids, responsible for the narrow Lorentzian
line, anneal near 300 °C, while the large (@1mm! colloids, giving rise to the Dysonian signal, recover above
400 °C. Dielectric-constant measurements in the microwave frequency range reveal a substantial increase of
both real and imaginary parts ofe, corroborating the metal colloid formation. An effective medium analysis of
the e variation after irradiation suggests nonspherical shapes for the metal colloids. The recovery of the
irradiation-inducede increase occurs in the same range as that of the colloid lines, with a peak ofDe9 near
400 °C, probably indicating a colloid shape redistribution before decomposition. Finally, electron and optical
microscopy results are presented, confirming the existence of two sizes of nonspherical, anisotropically dis-
tributed lithium colloids.@S0163-1829~97!06217-6#
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I. INTRODUCTION

Among the various ionic crystals which can give rise
intrinsic metal colloid formation,1 lithium compounds are
particularly attractive and were quite extensively studied
the past. Lithium metal precipitation under irradiation wi
various projectiles occurs easily in these crystals, wher
metal detection can be done by conduction electron s
resonance~CESR!, because lithium, the lightest met
known, has virtualy no spin-orbit interaction2 and so gives
very narrow and characteristic CESR signals. Moreov
lithium compounds are intensively studied as prospec
first-wall cladding material in fusion reactors, due to the t
tium breeding properties of the lithium nucleus, and as b
tery material because of the high ionic mobility of Li. F
nally, lithium oxide (Li2O) is a choice system for first
principles studies, due to its simple electronic~no d
electrons! and crystallographic~antifluorite! structure, en-
abling, for example,ab initio calculations of excited elec
tronic states.3

We have therefore begun to study Li2O under irradiation
with electrons in the MeV energy range. In our first pape4

we reviewed the literature on lithium colloid creation by
radiation of lithium compounds, and an extensive refere
list can be found there. As a brief summary we just ment
here, for LiF, the work of the Orsay group5 and, for Li2O, the
work of Noda and his collaborators.6 Our Ref. 4 was devoted
to irradiation of polycrystalline samples of Li2O with 1 MeV
electrons at different temperaturesTirr in the range 21 to 275
K. The created defects manifested a strongTirr dependence
~i! At low temperatures,Tirr,200 K, mainlyF1 centers~O
vacancies with a trapped electron! are formed; thermal an
nealing leads to their recovery nearTann5400 °C, which is
550163-1829/97/55~17!/11263~7!/$10.00
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accompanied by the emergence of a new signal n
g52.003, possibly due to their agglomeration into sm
F1 clusters. The latter disappear at 600–700 °C.~ii ! After
Tirr5200 K, the F1 spectra are superimposed by th
g52.003 line and by a new, narrow signal atg52.0023,
caused by small metallic colloids.~iii ! At Tirr5275 K, fi-
nally, only a narrowT-independent line (DH;1022 mT! is
observed atg52.00235(2), characteristic for metallic Li
colloids. The microwave dielectric constante measured on
the same specimens, increased notably after the ro
temperature irradiation, emphasizing the presence of met
particles, while remaining unchanged for lowerTirr . Both
the colloid line and the radiation-inducedDe vanish simul-
taneously aboveTann'250 °C.

It seemed important to irradiate single crystals in order
check for possible anisotropy and also for any difference
colloid growth behavior: preliminary results were given
two recent papers,7,8 including first NMR observations on th
metallic character of the precipitates. There, we had signa
the emergence of two electron paramagnetic resona
~EPR! signals related both to metallic lithium: one narro
Lorentzian line due to small clusters similar to those found
polycrystals,4 the other a superimposed Dysonian line cor
sponding to much bigger colloids, typically in the microm
ter range. This was in contrast to earlier work on neutro
irradiated LiF ~Ref. 5!, where the reported two- and three
dimensional clusters were all of much smaller size. In t
paper, we present new complementary investigations to th
results. After an experimental section~Sec. II!, we describe
the temperature and the dose dependence of the obse
EPR lines~Sec. III!, including their behavior with annealing
in Sec. IV are discussed the microwave dielectric const
11 263 © 1997 The American Physical Society



ire

e
ur
ric

he
v
th
o
th
a
ll

a
w

ep

V
ith
a

e

in

0D
0
a
e

on

o
n

e
n
a

th
u
sa

gl
d
ec
tw
ly
n
e
sh
o

n-

Op-
us
po-
gi-

-
get
bed

an
s: a

pat-
ed

ip
r

the

in-
ce

th
-

,
m-

he
en
to

row

ity
ple

11 264 55BEUNEU, VAJDA, JASKIEROWICZ, AND LAFLEURIELLE
measurements; in Sec. V, we present the results of d
observations in both optical and electron microscopy.

II. EXPERIMENTAL DETAILS

Single crystals of Li2O were grown, using a floating zon
method9 on sintered powder rods prepared from 99.5% p
lithium oxide grains furnished by Cerac Inc. A spectromet
analysis of one crystal gave as main impurities~in at. ppm!
34.0 Mg, 29.0 Al, 18.4 Na, 3.3 Si, 0.9 Fe, 0.7 Cu, 0.4 K. T
obtained cylindrical bars were 80-mm long and with an a
erage diameter of 5 mm. Two crystals had been grown in
manner, which had served subsequently in different meth
of sample preparation. The first, called X-1, was sliced wi
out cutting fluid with a diamond blade saw, and the fin
samples were obtained by cleavage to yield typica
&1-mm-thick transparent platelets oriented parallel to~111!.
The second, X-2, was cut by means of a tungsten wire s
with SiC-powder suspension in glycerol as a medium, allo
ing better geometry control and, thus, thinner~down to
100mm! platelets. As far as possible, the slices were k
under vacuum to prevent pollution by air moisture.

The electron irradiations were performed with a 2.5 Me
Van de Graaff accelerator. The samples were wrapped w
10-mm-thick copper foil and suspended in hydrogen g
used as cooling fluid. The beam was perpendicular to a~111!
plane. The electron energy was chosen to be 1 or 2.5 M
ensuring uniform damage across the sample thickness@only
150 keV are lost by 1 MeV electrons in 0.5 mm Li2O ~Ref.
10!#, and the irradiation current controlled such as to ma
tain the sample temperature at 27565 K: a typical value was
40 mA/cm2.

EPR experiments were done with a Bruker ER 20
X-band spectrometer operating at 9.5 GHz, in the 4–30
temperature range. ATE104 double cavity was used, with
CuSO4 standard kept at room temperature, in order to corr
for the possible cavityQ-factor variation with temperature.

Microwave dielectric constant measurements were d
on the same specimens using aTE10n cavity with eight use-
ful resonant modes, connected in a transmission regime t
HP8510C network analyzer; the resonances are in the ra
7–15 GHz. The measurement of the shift in frequencyD f
and of theQ factor D(Q21) permitted us to determine th
real and imaginary parts of the dielectric consta
e5e82 i e9. These measurements are only performed
room temperature.

A thermal annealing treatment was applied to some of
irradiated specimens by heating them in a dynamic vacu
in steps of 50 degrees, for one hour each, up to the di
pearance of the introduced damage.

For electron-microscopic observations, irradiated sin
crystals of Li2O were cleaved under argon atmosphere an
suitable edge region of a chip selected. Polycrystalline sp
mens were crushed to powder and deposited between
copper grids in order to minimize charging of this high
insulating material. The observations were performed o
300-kV Philips CM30. The electron energy was varied b
tween 200 and 300 keV in the hope of determining a thre
old for defect formation. The sample holder was mounted
a cold finger which permits stable measurements down
100 K, thus limiting the mobility and agglomeration of eve
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tually created color centers under the microscope beam.
tical microscopy was performed using a binocular Olymp
SZH microscope provided with a Polaroid camera and a
larizing Reichert Polyvar transmission microscope with di
tal photography.

III. EPR RESULTS

Our study on polycrystals4 established that room
temperature electron irradiation was required in order to
metal colloid creation. Therefore, all the samples descri
hereafter were irradiated at 27565 K.

A. EPR line

As described in Ref. 8, a typical EPR signal detected in
electron-irradiated sample clearly decomposes in two line
very narrow one~peak-to-peak width around 1022 mT!,
Lorentzian in shape, whose saturation properties are com
ible with aT1'T2 behavior and a broader line, not saturat
with full microwave power~250 mW!. The latter exhibits
closely the ‘‘metallic’’ shape described by Feher and K
after a model by Dyson,11 taking the classical value 2.55 fo
the lobe height ratioA/B. It follows from the numerical fit
that the two lines are centered atg52.0023. It is worth re-
calling that in our work on polycrystals,4 we observed only
one single symmetric and narrow line corresponding to
narrower line; no broad line was detected.

Figure 1 shows the variation with temperature of the
tensity of the broad line, in a sample irradiated with a fluen
of 8.731019 e2/cm2 ~13.9 C/cm2). This figure can be com-
pared with Fig. 2 of Ref. 8, for another sample. On bo
figures, the variation of the broad line intensity with tem
perature is unusual: itincreases, a fact which we shall inter-
pret below. The narrow line intensity follows a Pauli law
i.e., is temperature independent from helium to room te
perature.

Figure 1 gives also the variation with temperature of t
width of the broad line, in the same sample. The width giv
here is extracted from the Dysonian fit and corresponds
the 1/gT2 value. In the same temperature range, the nar
line width decreases from 25mT at 4 K to 13mT at 300 K.

FIG. 1. d: temperature variation of the broad EPR line intens
obtained by double integration of the Dysonian fit, for a sam
irradiated with 8.731019 e2/cm2. s: temperature variation of the
width of the broad EPR line.
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55 11 265FORMATION OF TWO KINDS OF NONSPHERICAL . . .
B. Variation with irradiation dose

We give in Fig. 2 the variation with irradiation dose of th
intensities of the two lines, for crystals irradiated with
MeV electrons. Even if the points are quite dispersed, th
is a clear tendency that intensity increases with dose; for
narrow line the law is not far from linear, whereas for t
broad one, some kind of saturation seems to appear.
saturation will be discussed below.

In Fig. 3 for the same samples, the variation with dose
the widths of the two lines is given. The broad line wid
decreases with dose, whereas there is no clear cut varia
of the narrow line width.

C. Annealing behavior

We have annealed a few irradiated crystals till the dis
pearance of the EPR signals. During the annealing pro
the sample color, black after irradiation, becomes gray
then more or less white. When the highest temperatures
reached, the samples seem to loose their cohesion and
into pieces: there is no complete recovery to the preirradia
state.

We give in Fig. 4 the variation of the two line intensitie
with isochronal annealing temperature. There is a strik
difference between the behaviors of these two lines: the
row one disappears below 300 °C while the broad one

FIG. 2. d: dose variation of the broad EPR line intensity at 3
K; s: dose variation of the narrow EPR line intensity. The data
given in the same arbitrary units.

FIG. 3. Dose variation of the EPR line widths at 300
d—broad line;s—narrow line.
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increases in intensity before disappearing only near 400
when the crystal decomposes. In Fig. 5 the variation w
annealing temperature of the two line widths is represen
The width of the broad line clearly increases under anne
ing, while that of the narrow shows only a slightly growin
tendency. A low-temperature EPR experiment after
320 °C anneal revealed the same characteristics of the b
line as before annealing.

D. Discussion

All the above presented EPR results enable us to con
unambiguously that the two lines correspond to two kinds
metallic lithium colloids.

~i! The narrow EPR line, with its free-electrong value
and even more its Pauli-likeT dependence, stems from me
tallic lithium. The Lorentzian line shape proves that these
colloids are quite small, with a radius lower than the sk
depthd at 9 GHz, which is around 1mm for a typical metal.
These colloids correspond to those we observed in polyc
taline Li2O samples irradiated near room temperature.4 This
is corroborated by the annealing behavior of the narrow li
which is the same for single and polycrystals.

e
FIG. 4. Isochronal annealing behavior of the EPR line inten

ties in a Li2O crystal irradiated with 3.931019 e2/cm2; the EPR
spectra are taken at room temperature. The initial intensities co
spond to radiation-induced spin concentrations of 2.4831023, for
the broad line, and 1.0531024, for the narrow one:d—broad line;
s—narrow line. The data are given in the same arbitrary units

FIG. 5. Isochronal annealing behavior of the EPR line widt
d—broad line;s—narrow line.
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11 266 55BEUNEU, VAJDA, JASKIEROWICZ, AND LAFLEURIELLE
~ii ! The broader EPR line is of a Dysonian shap11

through the whole measured temperature range; itsg value
and itsT dependence, very far from a Curie law, strong
suggest that it corresponds also to metallic lithium. Su
asymmetric shapes, caused by mixing absorption and dis
sion responses, imply that this second kind of colloids
much larger than 1mm.

As to the unusual temperature dependence of the line
tensity for the broad line, it is related to the fact that the s
depthd decreases whenT decreases, so that only a surfa
layer of each colloid is observed. In the classical treatmen
the Dysonian line shape, the signal intensity is proportio
to d, thus to the square root of the metal resistivity. T
strongly varying intensity implies that the resistivity mu
remain highlyT dependent, in a manner comparable to b
lithium. Figure 6 checks that point: we plotted signal inte
sity versus the square root of Li resistivity, as given by Pi
and Magno.12 The linear law is very satisfactorily obeyed
confirming the idea that the intensity variation is due to s
depth penetration. Under these conditions, it is very lik
that, as noted in Ref. 8, an integration of the EPR line
derestimates the spin concentration corresponding to
asymmetric line.

In a preceding paper8 we gave a discussion on the releva
relaxation times and characteristic lengths in our large c
loids. Calling TD the electronic diffusion time throughd,
T2 the spin relaxation time, andde the spin-free path, we go
d'1.6mm andde'10 mm at room temperature: accordin
to Ref. 12, this is not compatible with theA/B52.55 Dyso-
nian regime, for whichde,d andde,r . This implies much
smaller values ofde , yielding much greater values for th
colloidal metal resistivity compared to that of bulk lithium
This, in turn, could possibly mean that the structure of o
large Li colloids is not the same as that of bulk metallic L

Another interesting result is the increase of the broad
intensity during annealing~Fig. 4!. One first possible inter-
pretation is an agglomeration of the small colloids leading
an increased large-colloid population. However, as the t
volume of large colloids is typically 30 times larger than th
of the small ones, this possibility seems unlikely. The ev

FIG. 6. Broad EPR line intensity plotted versus the square r
of the bulk metallic Li resistivityAr. The straight line shows the
good observance of the proportionality law. The upper scale g
the temperature.
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tual increase, for some unknown reason, of metallic resis
ity during annealing, giving rise to a corresponding increa
of skin depth, is another possible interpretation.

Finally, we come back to the discussion of Figure
while the line intensity due to small colloids follows th
natural~for small concentrations! proportionality law versus
dose, the intensity corresponding to the large colloids is w
described, considering the data dispersion, by ad2/3 law,
where d is the irradiation dose. Such a law is indeed e
pected if the volume of produced metal increases linea
with dose, as only the surface of each colloid is reached
the EPR experiment.

IV. DIELECTRIC CONSTANT RESULTS

Unirradiated lithium oxide possessese8'6 and
e9'0.00(1) in our frequency range. This has to be co
pared with the values of the real and imaginary parts of
dielectric constant after irradiation with various electr
doses: these are given in Fig. 7, where one can see the
substantial effect of irradiation both on the real part as w
as on the imaginary part ofe. This effect anneals as shown i
Fig. 8. One curious observation, reproducible for the t
samples studied, is the strong peak ine9 centered at
400 °C, just before the complete recovery ofe, while there is
no particular effect one8. The e9 increase is, in fact, much
larger than the initial radiation inducedDe irr9 and its begin-
ning seems to coincide with the complete recovery of
narrow line. We have also to mention thate8 is roughly
constant between 7 and 15 GHz, whilee9 is proportional to
the frequencyf .

We attribute the increase of both components ofe under
irradiation to the formation of metallic colloids. First, as di
cussed in Ref. 4 for polycrystals, this increase appears o
for Tirr>200 K, which is precisely the minimum temperatu
for colloid creation. Samples irradiated at lower temperat
or by g rays, which contain only color centers (F1 centers!
give no e enhancement. Second, the recovery tempera
for e corresponds to the disappearing of colloids as seen
EPR. Last, this recovery temperature is higher for sin
crystals, in which large colloids exist, than for polycrysta4

where only small colloids can be formed, recovering at low
Tann.

t

s

FIG. 7. Real and imaginary parts of the dielectric constante8
(d) and e9 (s), taken at 9 GHz and 300 K, versus irradiatio
dose.
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55 11 267FORMATION OF TWO KINDS OF NONSPHERICAL . . .
Let us now invoke the classical models for describing
dielectric constant of mixtures of two components. The
chetype of such a mixing law is the so-called Maxwell G
nett model,13 based on the Clausius-Mossotti approximatio
which describes the specimen as an assembly of diele
spheres embedded in an insulating matrix; other models
be cited, such as that by Bruggeman,13 but for very low
metallic concentrations like ours~in the range 1023 to
1022 typically!, there is no significant difference. The Ma
well Garnett formula is

e2eh
e12eh

5x
e i2eh

e i12eh
, ~1!

wheree is the relative dielectric constant of the sample,e i
that of inclusions, andeh that of the host;x is the volume
fraction of the inclusions. For the metallic case one can u
in mks units,

e i95
s

e0v
@1, ~2!

for rLi510mV cm and f510 GHz, this gives e i9
51.83107. For such values, and considering thatx!1, it
follows that

e85eh~113x!, ~3!

e95
eh
2

e i8
9x. ~4!

The result of such a trial is unambiguous: it is not possi
to account for our significant variations of bothe8 and e9
with such models. The only way to get rid of this paradox
to consider nonisotropic models, generalizing for instan
the Maxwell Garnett model by using ellipsoids instead
spheres. Callingn the depolarizing factor14 of the ellipsoid
~all the ellipsoids are supposed to have the same orientat!,
we get

e2eh
eh1n~e2eh!

5x
e i2eh

eh1n~e i2eh!
. ~5!

FIG. 8. Annealing behavior of the radiation-induced changes
the dielectric constantDe8 (d) andDe9 (s) taken at 9 GHz and
300 K. Note the strong peaking ofDe9 after anneals near 400 °C
just before recovery.
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This expression reduces to Eq.~1! for the spheric case fo
which n51/3. We get forx!1

e85ehS 11
x

nD , ~6!

e95
eh
2

e i9

x

n2
. ~7!

The e8 ande9 values may become substantial ifn becomes
small, that is in a needle or disk geometry. We thus ten
tively attribute to such an anisotropy of our colloids the s
nificant variation ofe displayed in Fig. 7. We notice that Eq
~7! gives a natural explanation for the proportionality b
tweene9 and the frequency, through the variation ofe i9 @Eq.
~2!#. However, things are not yet very clear: first we need,
fitting our experimental results,n;x, which corresponds to
very thin needles or flat disks; second, the anisotropic M
well Garnett model described here is oversimplified, as
reality the orientations of the different ellipsoids are sure
more or less randomly distributed. This last fact could be o
source of the difference of thee9 values between single an
polycrystals. It could also play a role in thee9 peak revealed
on the recovery curve in Fig. 8. One might wonder if th
effect is related to a redistribution or an additional produ
tion of metallic lithium stemming from the sample decom
position, which begins in this range, as signaled in Sec. II

In Fig. 7, after an initial increase,e8 seems to saturate
wherease9 decreases. In the simple model given above, t
would be compatible withn increasing linearly withx, i.e.,
metallic disks of constant number and diameter, increasin
thickness.

V. MICROSCOPY

A. Electron microscopy

We have investigated both polycrystalline Li2O crushed
to powder and crystal chips obtained by cleavage, after
colloid introduction through bombardment with high-ener
electrons. Generally, the samples were in steady evolu
under a microscope voltage of 300 kV, clearly indicati
defect creation with such a beam energy. On the other h
they were quite stable and permitted reasonable observa
with a voltage of 200 kV; at 250 kV, long-term work was n
longer feasible and one had to change the observed area
quently. Thus, we suggest a value ofEd5(250225

110) keV as
threshold energy for defect formation by the impinging ele
trons. Since it was shown in Ref. 4 that the primary defe
created in Li2O by an electron irradiation wereF1 centers,
i.e., oxygen vacancies, it is reasonable to relate the ab
threshold energy to a threshold for displacing an oxyg
atom from its regular site. The corresponding transmit
atomic displacement energyTd(eV)5(560.8/A)(Ed /
mec

2)(21Ed /mec
2), with A as the atomic mass an

mec
25511 keV, is thenTd

O5(4325
12) eV. This is a rather

satisfactory value when compared to the closely related
tem MgO, with a similar damage mechanism, where Pel15

had determined aTd
O553 eV.

Having established stable experimental conditions at
kV ~at a temperature of 100 K! we have tried to observe an
additional structures within the regular Li2O lattice which

f
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could be possibly attributed to metalic lithium colloids.
typical example is presented in Fig. 9, which shows a c
edge of a freshly cleaved Li2O crystal containing oval plate
lets of 1002200 Å size compatible with the analysis of th
dielectric constant in the preceding section. A diffraction p
tern of this region~shown in the inset! exhibits, besides the
spots and the narrow rings due to Li2O, two rather irregular
diffuse rings characteristic for diffracting nanocrystals
various sizes.16 These rings cannot be attributed to possib
present LiOH or Li2CO3; they can, however, be indexed a
~110! and ~211! respectively within a simple cubic or a bc
lattice, with a parametera852.84 Å. ~For a reminder, the
lattice constant of bulk bcc lithium metal isa053.51 Å.! It is
tempting to assign these reflections to lithium nanocrys
formed out of the simple cubic Li unit occupying the tetr
hedral sites of the Li2O cell. In fact, the parametera8 of this
new, larger, unit cell seems to be related to the param
a/2 of the original Li sublattice (a54.61 Å is the lattice
constant of Li2O), such thata8'(3/2)1/2a/2, which could
mean that the face diagonal of the former coincides with
space diagonal of the latter. Furthermore, a bcc unit cel
parametera8 yields roughly the same atomic volume per
atom as the simple cubic cell with parametera/2, certainly a
favorable condition for colloid growth.

B. Optical microscopy

After having found possible candidates for the small
colloids in the above described electron microscope inve
gations, we were looking for the larger (.1mm! structures
using optical microscopy. The specimens containing meta
colloids were usually black and opaque, thus enabling
general, only surface investigations in reflection. A few re
tively thin chips bombarded with 2.5 MeV electrons we
however, sufficiently transparent to permit transmission

FIG. 9. Electron microscope bright field image of a chip edge
an irradiated~by 1 MeV electrons! Li2O crystal, taken at 200 kV
and atT5100 K, exhibiting Li colloids. Inset: diffraction image o
a region overlapping a colloid platelet. Note the diffuse rings sup
imposed upon the narrow Li2O pattern and attributed to Li nanoc
rystals.
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periments. It is here~Fig. 10! that we have noted the surpris
ing structures briefly mentioned in our recent paper.8

The reflection image@Fig. 10~a!# exhibits brilliant, metal-
lically shining spherical objects of 20225 mm in diameter,
which sometimes agglomerate to yield~more or less com-
plex! mushroomlike configurations. In transmission@Fig.
10~b!#, we see, first, that these ‘‘mushrooms’’ are apparen
distributed randomly across the whole crystal thickness a
second, we note the presence of oval, cigarlike shapes
visible in reflection. Contrarily to the ‘‘mushrooms,’’ th
‘‘cigars’’ seem to be oriented preferentially, namely in thr
directions at an angle of about 60° to each other. Know
that the chip surface is a~111! cleavage plane we can try t
assign them to the three$100% projections upon it.

As to the origin of these structures, it seems obvious
attribute the metalliclike spheres and mushrooms to
looked for earlier identified large lithium colloids~see Sec.
III !, while the cigarlike shades could be cavities align
through internal stress along~100!—either empty or filled
with oxygen gas. The latter suggestion is probably more
pealing as it would be an indication for the final fate of t
displaced oxygen atoms. Alternatively, the observed str
tures could be disclike configurations oriented along the f
planes of the$111% family: one parallel to the surface and th
other three inclined to it. Only the former would be capab
of reflecting incident light.

VI. CONCLUSION

We have shown that one can create a significant conc
tration of lithium metal colloids by electron-irradiating sing

f

r-

FIG. 10. Optical microscope image of an irradiated~by 2.5 MeV
electrons! Li2O crystal chip parallel to~111!, in reflection~a! and in
transmission ~b! exhibiting metallic Li colloids ~spheres and
‘‘mushrooms’’! and possibly oxygen filled$100% oriented cavities
~‘‘cigars’’ !. The sickle shape in~b! is a surface scratch.
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crystals of lithium oxide near room temperature.
~i! The two EPR metallic lines observed correspond

two kinds of colloids: the very narrow Lorentzian line com
from small colloids~size,1mm!, whereas the broader on
of Dysonian shape, is associated with much larger collo
~size @1mm!. An analysis of the EPR properties of the
large colloids seems to indicate that the spin-free path
much lower than in bulk Li. In an annealing treatment, t
two types of colloids disappear at clearly distinct tempe
tures, corroborating the qualitative difference between th

~ii ! Dielectric constant measurements in the microwa
frequency range after irradiation and anneal confirm the
tallic character of the colloids. In addition, their analysis
ds

e,
4.
o
s

ds
e
is
e
-
m.
e
e-

the framework of the Maxwell Garnett model suggests
strong shape anisotropy, which is also observed by elec
microscopy.

~iii ! Optical microscopy permits us to detect large colloi
of typically 20-mm size, which appear oriented along pre
erential lattice directions.
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