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Anomalous metallic lithium phases: Identification by ESR, ENDOR, and the bistable
Overhauser effect

C. Vigreux, P. Loiseau, L. Binet, and D. Gourier*
Ecole Nationale Supe´rieure de Chimie de Paris (ENSCP), Laboratoire de Chimie Applique´e de l’Etat Solide,

11 rue Pierre et Marie Curie, 75231 Paris Cedex 05, France
~Received 14 May 1999!

Metallic lithium particles precipitated in lithium hydride by UV irradiation are investigated by electron spin
resonance~ESR!, electron-nuclear double resonance~ENDOR!, and ESR at low temperatures under conditions
of bistable Overhauser effect@Phys. Rev. B47, 15 023~1993!#. Although the conventional ESR spectroscopy
gives only a single structureless line for conduction electrons, ENDOR clearly shows the existence of two
well-defined populations of lithium particles with different crystallographic structures. The presence of a
quadrupole structure in the ENDOR spectrum indicates that one of the two populations belongs to the 9R
close-packed phase of metallic lithium, normally stable below 80 K. The other population belongs to a cubic
phase. At low temperatures the saturation of the ESR line produces a bistable Overhauser effect which gives a
hysteresis of the ESR trace. This bistable conduction electron spin resonance clearly confirms the existence of
two different populations of lithium particles. The presence of a broad hysteresis of the resonance at 4 K is the
consequence of a very longT2 , which amounts to 531026 s and 1026 s in the cubic and the noncubic phases,
respectively. These values are much larger than those deduced from the linewidth of the unsaturated ESR line.
It is concluded that ENDOR combined with bistable ESR could provide very selective methods for the
investigation of the lithium anode in lithium batteries.
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I. INTRODUCTION

Lithium is the lightest metal element, with the drama
consequence that the spin-orbit coupling is so weak
lithium is one of the few metals giving an electron spin res
nance~ESR! signal.1 The ESR line is often so narrow tha
minute amounts of lithium can be detected despite the w
Pauli paramagnetism inherent to metals. For these reaso
lot of work has been devoted to the electron magnetic re
nance of lithium, since the early days of the ESR.2

Particular interest has been shown to irradiated lithi
compounds, characterized by the precipitation of lithium p
ticles of variable size and shape. The most investigated
tem was LiF irradiated by thermal neutrons, where Li p
ticles have been detected by x-ray diffraction,3 NMR,4

ESR,5,6 and thermal analysis.7 The very pure Li metal thus
produced is so well protected from oxidizing ambient atm
sphere and stable in time that neutron-irradiated LiF~hereaf-
ter referred to as LiF:Li! is frequently used as ESR intensi
marker.8 These pioneering works were initially motivated b
the lithium breeding properties of lithium nucleus. This fie
of research is still active, with several recent works focus
on Li2O, considered as a potential first-wall cladding ma
rial for fusion reactors.9 Careful observations by electron
and optical microscopies, ESR, and microwave conducti
measurements have recently been conducted on elec
irradiated Li2O ~hereafter referred to as Li2O:Li) by Beuneu
and co-workers.10–13 ESR was essential in all these work
because the ESR line shape of metals depends mainly o
particle sizea. Fora larger than the skin depthd of the metal
at the microwave frequencyn ~d is of the order of a mi-
crometer for lithium at room temperature and atX band!, the
ESR line shape exhibits the so-called Dysonian distorsio1
PRB 610163-1829/2000/61~13!/8759~12!/$15.00
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The line shape is Lorentzian fora,d. These two types of
particles were clearly evidenced in Li2O:Li single crystals by
their very different linewidths and saturation behaviors.11,12

The paramagnetism is of the Pauli type in both regim
When metallic particles are so small that the difference
tween the adjacent electron energy levels at the Fermi le
becomes much larger than kT, the paramagnetism exhib
T21 behavior andg distribution. This situation is referred to
as quantum size effect~QSE! regime.14 It occurs for a very
small particle size, typicallya<5 nm,15 and has been clearly
identified in LiF:Li.16

However, standard ESR spectroscopy suffers from sh
comings for complex systems containing associations
lithium precipitates with various shapes and sizes, impu
contents, or crystallographic structures. The difficulty is p
ticularly evident when the precipitates exhibit a more or le
Lorentzian resonance line atg'2.0022 with similar line-
widths, the resultant line always appearing as nearly sy
metrical and structureless. This clearly complicates the in
pretation, the decomposition of the line into individu
components being generally impossible despite some
cessful attempts. For example, a small deviation from
Lorentzian shape in the wings of the ESR line in LiF:Li
low temperatures was interpreted as the indication of a m
tensitic phase transition.8 This lack of resolution and selec
tivity of lithium metal ESR hampers the use of this techniq
for the investigation of more complex systems such
lithium batteries, where lithium metal at the anode exhibit
complex behavior with dendritic growth upon charg
discharge cycles during the cell operation.17

Standard ESR spectroscopy can be implemented by u
more selective electron magnetic resonance techniques b
on the phenomenon of dynamic nuclear polarization~DNP!
by the Overhauser effect.18 A partial saturation of the ESR
line of conduction electrons polarizes the nuclear spins, g
8759 ©2000 The American Physical Society
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ing a nonzero nuclear fieldBn which adds to the externa
field B0 , so that the resonance condition becomes

hn5gb~B01Bn!, ~1!

instead ofhn5gbB0 for an unsaturated ESR line. The we
known effect of DNP is a shift~Overhauser shift! of the ESR
line. The Overhauser shift has been observed in meta
lithium at low temperatures in the early ESR studies
LiF:Li and in neutron-irradiated LiH~hereafter referred to a
LiH:Li !.6,19 The nuclear field can be partially quenched
depolarizing the nuclei with a saturating radiofrequency fi
tuned to the appropriate nuclear frequency. This nuclear
polarization shifts back the ESR line to its unsaturated p
tion, and thus modifies the ESR intensity at the value of
external magnetic fieldB0 . The ESR intensity change is a
electron-nuclear double resonance~ENDOR! response. The
first observation by ENDOR of this line shift mechanism h
been made by Feher in the LiF:Li system.20 This technique
has been recently refined by Denninger and applied to a
riety of conducting materials.21,22 Owing to the high resolu-
tion ~similar to NMR!, the high sensitivity~similar to ESR!
and the high selectivity of ENDOR, contributions of diffe
ent phases of lithium indistinguishable in the ESR spectr
can be separated by this technique.

For strong DNP, i.e., for a large value ofBn in Eq. ~1!, the
ESR line is also strongly distorted and deviates considera
from the Lorentzian shape.23 An interesting situation arise
when the electron spin-spin relaxation timeT2 and the
nuclear field are sufficiently large to satisfy the followin
inequality:24

gT2DBov
max.4, ~2!

whereDBov
max is the highest nuclear field that can be achiev

for given conditions of magnetic field and temperature.
this case the line shape depends on the sweep direction o
external field B0 , resulting in a hysteresis of the ES
line.23,24 The line shapes of the increasing and decreas
sweep lines are very sensitive to electron relaxation timesT1
andT2 , to nuclear relaxation timesTln , and to the hyperfine
interaction between electron and nuclear spins.23–25 Since
hysteresis is the consequence of bistability, this situation
be hereafter referred to as bistable conduction electron-
resonance~BCESR!. It gives much more selective spect
than standard~unsaturated! ESR since lithium aggregate
presenting different magnetic parameters give BCESR li
with different line shapes and positions. A characteris
BCESR spectrum has recently been reported for metallic
particles in Li2O:Li. 26

We present in this paper a combined ESR-ENDO
BCESR investigation of a lithium metal system for which t
contributions of different types of lithium precipitates do n
appear on the unsaturated ESR spectrum. We have ch
the LiH:Li system where Li precipitates are created by U
irradiation. In one of the early ESR works, Doyle, Ingra
and Smith showed that Li metal in this case is characteri
by a strong symmetrical and narrow structureless ESR l
indicating the presence of submicronic Li particles.27 In the
present work the correlation between ENDOR, BCESR,
unsaturated ESR spectra clearly showed that this single
parently simple system is actually formed of two very diffe
ic
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ent populations of lithium particles characterized by we
defined magnetic parameters, revealing the coexistenc
two crystallographically distinct phases of Li metal.

II. EXPERIMENTAL PART

The samples studied in this work were nominally pu
97% LiH powder purchased from Fluka. Owing to the hig
reactivity of LiH with water, all manipulations were mad
under argon in a glovebox. The average grain size of
powder was about 10mm. Preliminary ESR characterizatio
of the unirradiated samples always showed a Dysonian
nal typical of metallic lithium. In order to eliminate this re
sidual lithium, all the samples were treated under arg
hydrogen~90/10! flux in a SiO2 crucible. The temperature
was increased at a rate of 300 °C/h up to 600 °C kept at
value during 1 h, and then lowered at a rate of 300 °C/h. T
powder being slightly sintered by this treatment, the samp
were always ground before irradiation. We often observ
the growth of LiH single crystals during the annealing tre
ment. The samples were irradiated at room temperature
a mercury lamp delivering a maximum power of 640 W, a
equipped with a water filter and a condenser. They w
placed at about 2 cm from the lamp, and the homogeneit
the irradiation was ensured by rotating the sample tube d
ing irradiation.

ESR spectra were recorded with a Bruker ESP 300 sp
trometer operating atX band with a standard TE102 cavity.
The microwave frequency was measured with a precision
1025 GHz, which corresponds to an uncertainty of abo
3.531024 mT on the ESR line position. The spectra we
recorded from 4 to 100 K with an Oxford Instruments heliu
flow cryostat, and with a standard nitrogen flow system
higher temperatures. The incident microwave powerP at the
sample is related to the microwave fieldB1 at the sample by
P5KB1

2, where the cavity constantK is equal to 4.0
3104 mW mT22 and 5.23104 mW mT22 when the cavity is
equipped with the helium and nitrogen inserts, respectiv
ENDOR spectra were recorded at room temperature with
Bruker cavity working in the TM110 mode. No ENDOR re-
sponse could be obtained with frequency modulation of
radiofrequency~rf! carrier, as is generally the case for EN
DOR of molecular radicals and defects in solids. Howev
high ENDOR enhancement was obtained with a 12.5-k
modulation of the applied magnetic field.

III. ESR RESULTS

We describe in this part the results of standard ESR sp
troscopy, characterized by low incident microwave pow
which precludes any DNP by the Overhauser effect. For m
tallic lithium at room temperature this situation is achieved
microwave power of the order of 0.1 mW or less. Figure 1~a!
shows an example of an ESR spectrum recorded at ro
temperature for a LiH powder sample irradiated during 3 h at
room temperature. The very narrow and almost symmetr
line ~sample dependent linewidthDB58 – 15mT) is similar
to that observed by Doyle, Ingram, and Smith.27 The line-
width is slightly dependent on the irradiation time as it d
creases from'20 mT to '8 mT when the irradiation time
varies from<0.25 to 6 h. It is now largely proved that suc
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narrow lines are due to metallic lithium particles of sizea
~diameter for a sphere, thickness for a platelet! smaller than
the skin depthd of the metal atX band. The ESR linewidths
measured in the present work are very similar to those fo
in Li2O:Li (DB'13mT),10,11 but smaller than the value
generally measured for LiF:Li (DB'56– 65mT).8 The ESR
lines in LiH:Li are however broader than those observ
with very pure lithium films precipitated from liquid
ammonia solutions, characterized byDB'2 mT.28

Despite its apparently structureless and symmetr
shape, the ESR line in Fig. 1~a! could not be simulated with
a simple Lorentzian shape function as expected for a sin
population of lithium particles.1 A much better agreemen
was obtained by fitting the ESR line to the sum of a narr
(DB'8.4mT) and a broad (DB'31mT) Lorentzian lines
centered atg52.0022, corresponding to two sets of lithiu
particles, hereafter referred to as populations A and B.
actly the same situation was encountered with LiH sin
crystals, with a two-component ESR line invariant upon
tation of the magnetic field. This indicates that lithium pa
ticles are located in the bulk of the crystallites. Careful e
amination of the spectra shows that the narrow l
~population A! is Lorentzian while the broad line~population
B! is often slightly distorted with a small amount of Dys
nian character, indicating that the particle size might
larger in population B than in population A. The linewidth
and the relative intensities of ESR components A and B
slightly dependent on the irradiation time. Population B
ways dominates with a ratio B~%!/A~%! varying from 90/10
to 60/40 for irradiation times increasing from<0.25 to 6 h.
Correlatively the linewidths of populations B and A decrea
from 60 to 30mT and from 20 to 8mT, respectively. It is
important to note that ESR alone cannot demonstrate
existence of two distinct populations of lithium particles,

FIG. 1. Example of experimental and simulated ESR spect
at room temperature for a LiH powder sample irradiated during
Microwave powerP55 mW, ~a! just after irradiation: the dotted
and discontinuous lines represent population A (DB58.4mT,
40%! and population B (DB531mT, 60%!, respectively;~b! after
annealing at 180 °C during 500 min: the dotted and discontinu
lines represent population A (DB525.3mT, 26%! and population
B ((DB568.8mT, 74%!, respectively. The resulting simulation
are indistinguishable from the experimental spectra.
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the spectrum of Fig. 1~a! may well be simulated also by
sum of more than two lines. The presence of two we
defined populations could only be proved by the effect
DNP at room and low temperatures, responsible of the E
DOR and the BCESR spectra described in the following s
tions. For the moment we only postulate the existence
these two sets of particles.

Figure 2 shows the temperature dependence of the p
to-peak linewidthDB and the ESR intensity for population
A and B, as deduced from the two-component simulati
The intensities were measured by double integration of
simulated components of the ESR line. The linewidth
population A weakly depends on temperature asDB in-
creases from'10 to '20 mT whenT decreases from room
temperature to 40 K. This small broadening is partly due
the onset of DNP at low temperature, which distorts a
broadens the ESR lines.23 In the same temperature range, t
linewidth of population B increases from'40 to '90 mT.
The ESR intensity of population A does not depend on te
perature between room temperature and 100 K, and app
to decrease slightly below this temperature~Fig. 2!. This
behavior is consistent with the Pauli paramagnetism of m
tallic lithium, and the small decrease below 100 K is due
the effect of DNP.23 Alternatively the ESR intensity for
population B decreases by a factor 4 between room temp
ture and 70 K~Fig. 2!. It is interesting to note that the tem
perature dependence of both ESR intensity and linewidth
populations A and B are similar to those found by Beun
and Vajda for small and large lithium particles in Li2O:Li
single crystals.11

The ESR line shape also depends on the annealing e
on the irradiated samples. Figure 1~b! shows the effect of a
500-min annealing treatment at 180 °C of the sample of F
1~a!. The variation ofDB and of the intensities versus th
annealing time are plotted in Fig. 3. The following evolutio
is observed:~i! The linewidth increases from 10 to about 2
mT for population A and from 30 to 70mT for population B,
the same effect being observed for a treatment at a lo
temperature~120 °C!; ~ii ! The ESR intensity of the two
populations decreases during the first 100 min of treatm
and then stabilizes;~iii ! the relative weight of population B

m
.

s

FIG. 2. Temperature dependence of the ESR linewidth~empty
squares! and intensity~full circles! for populations A and B in a
LiH powder sample irradiated during 3 h.
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increases by annealing;~iv! the line shape remains Lorentz
ian for population A while the weakly dysonian line shape
population B remains unchanged, with an asymme
parameter1 equal to about 1.2.

All these observations show that population B alwa
dominates over population A, especially at low irradiati
and long annealing times. The line broadening produ
upon increasing the annealing treatment can be correlate
the line narrowing observed upon increasing the irradiat
time, assuming that the linewidth is dominated by relaxat
at the particle surface,2 with particle size increasing durin
irradiation and decreasing during annealing treatment. It t
appears that population B is more favorable kinetically a
more stable thermodynamically. The fact that the ESR lin
is always Lorentzian whatever the irradiation time or t
annealing time indicates that these particles are always m
smaller than the skin depth of lithium at 4 K, i.e.,a
!0.12mm. Alternatively the ESR line B is always slightl
Dysonian, indicating that lithium particles are larger in pop
lation B than in population A.

The particle size for population B can be estimated
line-shape analysis. Webb extended the Dyson theory to
ticles with ratiosa/d between 0.1 and 10.29 The rather com-
plicated expressions derived by this author were simplifi
by Berim et al. when the conditions (DT2)1/2@d and a
!20d are fulfilled, D and T2 being the electron diffusion
coefficient and the spin-spin relaxation time, respectively30

The first condition always holds for lithium while the seco
applies for particles of populations A and B. Under the
conditions, the ESR line for the two populations is simp
the sum of Lorentzian shaped absorptionx9 and dispersion
x8 contributions. The following expression was obtained
a first derivative ESR line:30

FIG. 3. Isothermal annealing behavior atT5180 °C of the ESR
parameters of metallic Li in a LiH powder sample irradiated dur
3 h; ~a! and ~b! ESR linewidths~open squares! and absolute inten-
sities ~full circles! for populations A and B;~c! contributions of
each population to the total intensity.
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dB0
5a

12x2

~11x2!22b
2x

~11x2!2 , ~3!

with x5g(B2B0)T2 , and g is the electron gyromagneti
ratio. By using Eq.~3! for population B and a purely Lorent
zian shape for population A@Eq. ~3! with a50 and b
51], a simulation of excellent quality of the experiment
spectra was always obtained. Parametersa andb determine
the asymmetry of the ESR line, and are directly related to
ratio a/d.30 Simulation of the ESR line B with Eq.~3! and
expressions given by Berimet al. show that the particle size
for population B is of the order of 0.6mm. The decrease o
the ESR intensity with temperature@Fig. 2~b!# is also consis-
tent with the Dysonian character of the ESR line of popu
tion B, as a thinner part of the particles is observed whed
decreases withT, following thes21/2 dependence ofd.11

IV. ENDOR RESULTS

A. Background

In this part we describe with some details the ENDO
results, as this technique gave the unequivocal proof of
existence of two distinct populations of lithium particles, a
provided informations on their crystallographic structures.
order to clarify the rather complex ENDOR behavior
LiH:Li shown in Sec. IV B, let us first consider the theore
ical ENDOR response of a homogeneous population
lithium particles of sizea,d, characterized at room tem
perature by a Lorentzian ESR line. At very low microwa
power (P,0.1 mW), this line is centered at the resonan
field hn/gb @Fig. 4~a!, full line#. At higher microwave

FIG. 4. Schematic representation of the ENDOR mechanism
metallic lithium particles.~a! unsaturated~full line! and saturated
~discontinuous line! ESR transitions. The arrows represent t
variations of the ESR intensity at three selected magnetic-field
uesB0 , induced by a saturating radiofrequency (n rf) field tuned to
the nuclear frequencynLi

0 of 7Li nucleus. The ENDOR intensities
are proportional to the lengths of the arrows. Two ENDOR
sponses are also shown in the top of the figure.~b! Magnetic field
dependence of the ENDOR intensity.
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power, the ESR line is partially saturated and shifts to l
field with respect to the unsaturated one by the nuclear fi
Bn induced by the DNP@Fig. 4~a!, discontinuous line; see
also Eq.~1!#.18 Assuming that the DNP does not affect si
nificantly the line shape, which is the case at room tempe
ture with LiH:Li, the unsaturated ESR intensityI (B0) at a
given valueB0 of the external magnetic field is thus modifie
by the DNP by the quantityDI (B0)5I (B0)2I (B01Bn),
which can be either positive or negative depending on
value ofB0 @see Fig. 4~a!#. The nuclear field responsible fo
this shift can be quenched by applying a saturating radio
quency~rf! radiationn rf tuned to the nuclear frequencynLi

0

5gnbnB0 /h of 7Li nuclei ~92.5% natural abundance,I
5 3

2 , gn52.170 961). Thus if the external magnetic field
set at a valueB0 while saturating the ESR line and scanni
n rf , the ESR intensity will make a jump equal to2DI (B0)
for n rf5nLi

0 . This ENDOR response may be positive or neg
tive depending on the field settingB0 . The arrows in Fig.
4~a! represent the magnitude and the sign of the END
signal2DI (B0) for three examples of field setting values.
the nuclear spin lattice relaxation timeT1n responsible for the
DNP is larger than the spin-spin relaxation timeT2n, which
is the case with metallic Li at room temperature,31 the theo-
retical ENDOR response2DI (B0) has the form of a posi-
tive or negative symmetrical line. Two examples are sho
on top of Fig. 4~a!. Thus the amplitude and the sign of th
ENDOR response strongly depend onB0 , as shown in Fig.
4~b! representing the variation of the ENDOR intens
2DI (B0) as a function of the fieldB0 . The base line~dis-
continuous line! corresponds to the polarized ESR intens
I (B01Bn). This curve has roughly the shape of a seco
derivative of the ESR absorption. We will use in the ne
part the simple situation described in Fig. 4 to interpret
more complex ENDOR response of LiH:Li.

B. ENDOR of LiH:Li

Figure 5 shows an ESR spectrum and some represent
ENDOR spectra at room temperature for a powder LiH
sample irradiated during 3 h. Each ENDOR trace cor
sponds to a particular field settingB0 , indicated by open
circles on the ESR spectrum of Fig. 5. The striking feature
the ENDOR response of Li metal is that its shape exhibit
considerable field setting dependence. When the fieldB0 is
set in the left side of the ESR spectrum@field setting a, Fig.
5~a!#, the ENDOR response is a narrow negative line at
nuclear frequency of Li (nLi

0 '5.66 MHz). When B0 is
shifted to a value close to the maximum of the ESR l
@field settings b and c, Figs. 5~b! and 5~c!#, a broad positive
line is superimposed on the narrow negative line@Fig. 5~b!#.
A very small increase of the field setting results in a stro
decrease of the narrow line@Fig. 5~c!# which then becomes
positive and largely dominates the broad line@Figs. 5~d! and
5~e!# when the field is set in the central part of the ESR lin
A further increase of the field setting gives the same END
features as for the low field setting case. First, the nar
positive line decreases more rapidly than the broad line
becomes negative, while the broad line remains posi
@Fig. 5~f!#. IncreasingB0 again results in the increase of th
negative line while the broad line decreases and beco
negative@Fig. 5~g!#.
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All these features can be explained only if we assume
the ESR line is actually the overlap of a narrow and
broader line representing two separate populations of lith
particles, as postulated in Sec. III. Each ESR line gives
independent ENDOR response which can be either pos
or negative, depending on the field setting as previou
shown in Fig. 4. The theoretical variation of the ENDO
intensity2DI (B0) versusB0 is shown in Fig. 6 in the case
of two overlapping ESR lines corresponding to populatio
A and B. The different field setting valuesB0 corresponding

FIG. 5. Selected ENDOR spectra recorded at room tempera
and at different values of the magnetic field@~a!–~g!#. Each field
setting is marked by an empty circle on the partially saturated E
spectrum shown in the top of the figure. The narrow and bro
ENDOR lines represent the responses of populations A and B
spectively. The features indicated by arrows show the apparent
drupolar structure of the ENDOR trace of population B. Microwa
power P540 mW; radiofrequency power 100 W, modulation fr
quency: 12.5 kHz; modulation depth 5mT.

FIG. 6. Schematic representation of the theoretical magne
field dependence of the ENDOR intensity of populations A and
The curve for population B is amplified with respect to that
population A. The base line~discontinuous line! is the zero EN-
DOR intensity. The ENDOR responses of populations A and B
negative and positive, respectively, in the two narrow magne
field ranges represented by dashed areas. The ENDOR intensit
the two populations are either positive or negative outside th
domains.
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8764 PRB 61C. VIGREUX, P. LOISEAU, L. BINET, AND D. GOURIER
to the spectra of Figs. 5~a!–5~g! are also shown in Fig. 6
Since the base line~discontinuous line! represents a zero
ENDOR intensity, it can be seen that the ENDOR respon
are positive for population B and negative for population
in very narrow magnetic field ranges within the limits of th
dashed areas in Fig. 6. Outside these peculiar field ran
ENDOR lines are either positive or negative for the tw
populations.

The fact that the two overlapping ESR lines give distin
ENDOR responses shows that they belong to two sepa
electron-nuclear spin systems which are not connected
spin-relaxation mechanisms. In other words, the narrow
broad ESR/ENDOR line systems correspond to populati
A and B, respectively.

C. ENDOR of population B

Let us now address the structural characterization of
two populations. For the moment we assume only that
particles are of submicron size in the two populations, a
that the particles are slightly larger in population B than
population A. However, a difference in size cannot expl
the behaviors of their ENDOR responses. A careful exa
nation of all the ENDOR spectra shows that the narrow l
of population A is structureless while the broad line of pop
lation B exhibits an apparent satellite structure indicated
arrows in Fig. 5. These satellites are more evident when
field setting is selected so that the narrow ENDOR line
population A almost vanishes. This is the case of Fig. 5~c!.
This particular field setting has been chosen for a more
tailed analysis of the ENDOR line of population B, whic
can be simulated after subtraction of the residual contri
tion of population A. Figure 7~a! shows an expanded view o

FIG. 7. ~a! Experimental ENDOR spectrum recorded with t
field setting c of Fig. 5. The full line represents a simulation of t
middle part of the spectrum by the sum of a negative line for po
lation A and a broader positive line for population B. The tw
individual components~dotted lines! are Lorentzian.~b! Spectrum
of population B obtained by subtracting the negative line of po
lation A from the experimental spectrum. The dotted line represe
the simulation of the spectrum of population B by taking into a
count a quadrupole structure. The spurious feature indicated
star is due to instrumental effect.
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the ENDOR spectrum recorded with the field setting c. T
spurious feature at 5 MHz is due to an instrumental effe
The residual contribution of population A was eliminated
simulating the experimental spectrum as the sum of a br
positive line representing population B and a narrow line
population A, both being Lorentzian shaped. The relat
weight of these two lines was chosen to give an accu
reproduction of the middle part of the experimental spectr
@Fig. 7~a!#. The spectrum of population B was next reco
structed by subtracting the ENDOR line A from the expe
mental spectrum, which gave the spectrum of population
shown in Fig. 7~b!.

The simulation of this spectrum used the general nucle
spin Hamiltonian of7Li nuclei in a lithium particle:31

H52gnbnI•B01
e2qQ

4I ~2I 21!

3H 3I Z
22I ~ I 11!1

1

2
h~ I 1

2 1I 2
2 !J , ~4!

where the two terms represent the nuclear Zeeman inte
tion and the quadrupole interaction, respectively. We h
neglected the hyperfine interaction between the conduc
electron spinS and the nuclear spinI of the particle because
this interaction is only responsible for a Knight shift of th
ENDOR line which is much smaller than the ENDO
linewidth.32 The quadrupole interaction appears for nuc
with spin I . 1

2 , ~which possess an electric quadrupole m
ment eQ! experiencing an electric-field gradient of comp
nentsVj j characterized by( jVj j 50, with j 5X, Y, and Z
being the principal axes of the electric-field gradient tens
The Z component of the electric-field gradient iseq5VZZ .
For a quadrupole interaction smaller than the nuclear Z
man interaction, which is the case with lithium particles, t
nuclear-spin energy levelsEmI

of each spin statemI can be
obtained by a first-order perturbation treatment of Eq.~4!:33

EmI
52gnbnB0mI1

1

4
hnQ@3 cos2 u211h sin2 u cos 2w#

3@mI
22I ~ I 11!/3#, ~5!

where nQ53eQVZZ /h2I (2I 21) is the quadrupole fre-
quency andh5(VXX2VYY)/VZZ is the asymmetry param
eter of the electric-field gradient.u andw are the polar angles
of the field B0 . The three allowed NMR transitionsmI
21↔mI occur at frequenciesnmI

5(EmI212EmI
)/h. With-

out quadrupole interaction (VXX5VYY5VZZ50), there is
only one ENDOR frequencynLi

0 5gnbnB0 /h. This situation
corresponds to population A, which gives only a structu
less ENDOR line and thus exhibits a cubic crystallograp
structure. For a nonvanishing electric-field gradient, which
the case with population B, we expect three ENDOR lines

frequenciesn1 ( 3
2 ↔ 1

2 transition!, n2 ( 1
2 ↔2 1

2 transition!,
andn3 (2 3

2 ↔2 1
2 transition! given by
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n1~u,w!5nLi2
nQ

2
~3 cos2 u211h sin2 u cos 2w!,

n2~u,w!5nLi , ~6!

n3~u,w!5nLi1
nQ

2
~3 cos2 u211h sin2 u cos 2w!.

The ENDOR intensities, proportional tou^mI21uI 1

1I 2umI&u2, are in the ratio 3:4:3 forn1 , n2 , andn3 , respec-
tively. The resulting ENDOR spectrum is calculated by in
grating over the polar anglesu and w the sum of the three
ENDOR lines:

I ~n!5E
u50

p

d cosuE
w50

2p

dw(
i 51

3

pi f „n2n i~u,w!…. ~7!

The coefficientspi( i 51,2,3) are proportional to the tran
sition probabilities, withp15p353 and p254. Each EN-
DOR transition has a Lorentzian shapef „n2n i(u,w)…5$1
14@n2n i(u,w)#2/(Dn)2%21 whereDn is the width at half
height of the transition.

The ENDOR spectrum of population B shown in Fig. 7~b!
was simulated with three adjustable parametersDn, nQ , and
h. The best fit was achieved withnQ50.75 MHz, Dn
50.170 MHz, andh50, which indicates that the electric
field gradient at7Li site has an axial symmetry. The corre
sponding ENDOR parameters for population A arenQ50,
Dn50.108 MHz, andh50. Thus the two populations hav
nearly the same ENDOR linewidths and differ only by t
symmetry of the Li sites, which is cubic for population
and axial for population B. The consequences of these
tures are discussed in Sec. VI.

It is noteworthy that the ENDOR spectra of populations
and B are not centered at the same rf value, which resul
a visible dissymmetry of the spectrum. This is particula
evident for spectra with two components of comparable
tensities for each population@Figs. 5~b!, 5~c!, and 5~e!#. For
example, the spectrum shown in Fig. 7 has been recorde
the field setting B05341.88 mT, corresponding to th
nuclear Zeeman frequencynLi

0 55.658 MHz. The ENDOR
spectra deduced from simulations@Fig. 7~a!# are centered a
frequenciesnLi

A '5.659 MHz andnLi
B '5.675 MHz for popu-

lations A and B, respectively. It thus appears that the cen
frequency of the ENDOR spectrum B is shifted by117 kHz
with respect tonLi

0 . This shift is not due to a second-ord
effect of the quadrupole interaction because the latter is
timated to be210 kHz, thus with the wrong sign. Also thi
shift is not due to a Knight shift of the nuclear resonance
population B, given by the following expression:34

K5
nLi2nLi

0

nLi
0 5

8p

3
^uCk~0!u2&FxpM , ~8!

where ^uCk(0)u2&F is the average ofuCk(0)u2 over the
Fermi surface,M is the atomic mass, andxp is the magnetic
susceptibility per mass unit. The Knight shift of metallic7Li
amounts toK52.531024, thus the shiftnLi2nLi

0 of the EN-
DOR frequency should be equal toKnLi

0 '1 kHz. This is an
upper limit corresponding to electron spins at thermal eq
librium, and a partially saturated ESR transition should g
-

a-
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-
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s-
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an ENDOR shiftnLi2nLi
0 ,1 kHz. Thus more experiment

are needed to explain the ENDOR shift observed for po
lation B.

V. BISTABLE CONDUCTION ELECTRON SPIN
RESONANCE

A. Background

The nuclear fieldBn due to the hyperfine interactionA of
an electron spin withN nuclear spins in Eq.~1! is related to
the nuclear polarization̂I z& by6,18

Bn5
NA

gb
^I z&. ~9!

At very low incident microwave power, the only source
nuclear polarization is the thermal equilibrium between
nuclear-spin stateŝI z&'^I z

0&5gnbnI (I 11)B0/3kT, so that
Bn is very small (Bn'7 nT for 7Li at room temperature! and
can be neglected in Eq.~1!. This situation corresponds to th
standard unshifted ESR lines of lithium particles studied
Sec. III. The nuclear field can be enhanced by DNP~Over-
hauser effect!,6,18 and the resulting shift of the ESR line i
now given in this case by the general expression:23,35

DBov5Bn5DBov
max q

11q1r ~B01Bn2hn/gb!2 , ~10!

with q5g2T1T2B1
2 andr 5g2T2

2. The parameterDBov
max rep-

resents the highest nuclear field achievable under givenB0
andT conditions:

DBov
max5

I ~ I 11!NA f B0

3kT
. ~11!

wheref is the leakage factor reflecting the efficiency of t
electron-nuclear relaxation mechanismTx (Dms5
61, DmI571) responsible for the nuclear polarizatio
which compete with other relaxation mechanisms~labeled
T1n):31

f 5
1/Tx

1/Tx1I /T1n
. ~12!

It is important to note that Eq.~10! is a third degree equa
tion which may have either three or one solutions forBn ,
depending on the fact that the critical inequality@Eq. ~2!# is
satisfied or not.23 In most cases howeverDBov

max and the re-
laxation timeT2 are not large enough to satisfy Eq.~2!, so
that Eq.~10! has only one solution forBn and the ESR line is
only shifted and distorted by the DNP.23 This situation holds
for lithium metal at room temperature. The monostab
nuclear field can be quenched by a rf field, which is at
origin of the ENDOR response studied in Sec. IV.

An interesting situation arises whenDBov
max and T2 are

sufficiently large to satisfy Eq.~2! and to give three solutions
for Bn in Eq. ~10!. In this case the ESR line is not onl
shifted, it is also strongly distorted and becomes depend
on the field sweep direction because of the bistable chara
of the nuclear field~two values ofBn are stable and the third
one is unstable!.23 We previously proposed to refer to th
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situation as bistable conduction electron spin resona
~BCESR!.36 Metallic lithium clearly exhibits this bistable be
havior at liquid-helium temperature.26 All these features are
accounted for in the following expression for the ESR li
shape:23

I ESR~B0!52I 0

~gT2!3B1~B01Bn2hn/gb!

@11q1r ~B01Bn2hn/gb!2#2 . ~13!

An illustration of Eq.~13! is shown in Fig. 8 which de-
scribes the theoretical behavior of the ESR line at low te
perature for a typical submicronic lithium particle withT1
5T250.531026 s and I (I 11)NA f5200 MHz @see Eq.
~11!#. The ESR line is unshifted and undistorted only at ve
low microwave powerP @Fig. 8~a!#. IncreasingP results first
in a shift DBov of the resonance and a distortion of the li
shape, with no hysteresis asBn still remains monostable
@Fig. 8~b!#. At higher microwave power, the line distortio
still increases while a hysteresis of widthL appears@Fig.
8~c!#, which reaches a maximum at an optimum value ofP,
then decreases upon further increasingP @Fig. 8~d!# and van-
ishes at high microwave power, leaving a very distorted E
line without hysteresis@Fig. 8~e!#. In a bistable regime, the
Overhauser shiftDBov is given by the spacing between th
center of the unshifted resonance line and the field at wh
the decreasing sweep ESR trace reaches the baseline~Fig. 8!.
This shift is related to the microwave powerP by6,18

DBov5DBov
max P

u1P
, ~14!

with u5K/g2T1T2 .
It is worth noting that the ESR line shape and the hys

esis strongly depend onDBov
max and T2 , so that a small de-

crease of one of these two parameters may quench the b
bility and the hysteresis.24 Figures 9~a! and 10~a! show the
calculated effect of variations ofT2 and DBov

max on the mi-
crowave power dependence of the Overhauser shiftDBov .
The curveDBov5 f (P) is sensitive toT2 essentially at lowP
values while a modification ofDBov

max affects the shift at high
P values. Thus the quantitiesT2T1 andDBov

max can be deter-

FIG. 8. Example of calculated ESR spectra at different mic
wave power values for a homogeneous population of submicr
lithium particles. T54 K; T15T250.531026 s; I (I 11)NA f
5200 MHz. DBov andL represent the nuclear field and the hyst
esis width, respectively.
ce

-

y

R

h

r-

ta-

mined from experimental plots of Eq.~14!. AssumingT1
5T2 , the ESR spectrum can be calculated with Eq.~13!. The
sensitivity of the ESR line shape to variations ofT2 and
DBov

max at low microwave power are shown in Figs. 9~b! and
10~b!, respectively. It is remarkable that the ESR line ch
acterized byT2'0.531026 s is monostable and only dis
torted at 1 mW@Figs. 8 and 9~b!# while it exhibits a signifi-
cant hysteresis whenT2 is increased by a factor 2@Fig. 9~b!#.
The same effect is observed with an increase ofDBov

max. It is
however less pronounced as a relatively important incre
of this parameter is necessary to affect significantly the l
shape@Fig. 10~b!#. As shown in the next part, the two popu

-
ic

-

FIG. 9. Influence of the relaxation timeT2 on the BCESR line
shape for a homogeneous population of submicronic lithium p
ticles. T54 K; DBov

max50.1 mT, corresponding toI (I 11)NA f
575 MHz; ~a! microwave power dependence of the Overhau
shift DBov . ~b! Simulations of the BCESR spectra atP51 mW.
Case 1: T252.131026 s, u50.3 mW; case 2: T251.1
31026 s, u51 mW; case 3: T250.531026 s, u55 mW.

FIG. 10. Influence ofDBov
max @or I (I 11)NA f] on the BCESR

line shape for a homogeneous population of submicronic lithi
particles. T54 K, u51 mW, T251.131026 s. ~a! Microwave
power dependence of the Overhauser shiftDBov . ~b! Simulations of
the BCESR spectra atP51 mW. Case. 1: DBov

max50.2 mT, cor-
responding toI (I 11)NA f5150 MHz. Case 2: DBov

max50.1 mT,
corresponding to I (I 11)NA f575 MHz. Case 3: DBov

max

50.05 mT, corresponding toI (I 11)NA f537.5 MHz.
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lations A and B of lithium particles exhibit very differen
BCESR line shapes, which permit accurate measuremen
T2 and I (I 11)NA f.

Another aspect of BCESR is the fact that the line sha
does not only depend on the values of these parameters
also on their distributions. The ESR spectrum is a sum o
all the particles of a population, which may exhibit distrib
tions of size and shape.37 Thus the overall CESR intensit
I pop(B0) of a population is obtained by summing the ind
vidual contributionsI ESR(B0 ,X) of each particle given by
Eqs.~13! and~10!, with X5T2 or I (I 11)NA f, weighed by
the probabilityp(X)dX or occurrence of each value ofX:

I pop~B0!5E
Xmin

Xmax
p~X!I ESR~B0 ,X!dX. ~15!

Since the actual distributionp(X) is not known, the most
usual Gaussian function was chosen:

p~X!5
1

sA2p
expF2S X2^X&

s&
D 2G , ~16!

where^X& is the mean value ofX ands its standard devia-
tion. For computational reasons, the integration limitsXmin
and Xmax were chosen so that;XP@Xmin ,Xmax#, p(X)
>1023/sA2p, and the integration of Eq.~15! was achieved
by the usual Simpson algorithm. Two examples of calcula
effects of distribution ofT2 and I (I 11)NA f parameters are
shown in Fig. 11. Full lines represent the BCESR spec
calculated at 4 K andP51 mW for a homogeneous popula
tion of lithium particles characterized byT251026 s and
I (I 11)NA f575 MHz. The dotted lines represent the sam
spectra calculated with Gaussian distributions of these
rameters, with standard deviationssT2

50.331026 s @Fig.

11~a!# ands I (I 11)NA f520 Mhz @Fig. 11~b!#.

B. BCESR of populations A and B

The consequence of the preceding considerations is
the two populations, characterized by specificT2 values,

FIG. 11. Effect of a distribution of parametersT2 and I (I
11)NA f on the BCESR line shape. Full lines: spectra calcula
with T54 K, P51 mW, T251.131026 s, I (I 11)NA f
575 MHz. Dotted lines: spectra calculated with distributions
parameters:~a! distribution ofT2 , with sT2

50.331026 s; ~b! dis-
tribution of I (I 11)NA f, with s I (I 11)NA f520 MHz.
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should be distinguishable by their BCESR spectra. This
shown in Fig. 12, which represents a BCESR spectrum
K and P50.5 mW for a LiH powder sample irradiated du
ing 0.25 h. The unsaturated ESR spectrum (P<0.5mW, not
shown! was composed of 15 and 85% of populations A a
B, respectively. The apparent spin-spin relaxation timesT2*
52/)gDB deduced from the peak-to-peak linewidths a
given in Table I. Bistability and hysteresis appear at high
microwave power~Fig. 12!. However, the experimenta
spectrum is significantly different from the theoretical o
described in Fig. 8:~i! a shoulder in the decreasing fie
spectrum reflects the different BCESR line shapes of the
populations;~ii ! there is no abrupt transition in the increasin
field spectrum, and the decreasing field spectrum extend
much lower fields than theoretical spectra, these two featu
reflecting the distributions of the ESR parameters~see Fig.
11!; ~iii ! the most striking feature is that a broad hysteresi
always present at a microwave power of 0.5 mW at whic
hysteresis is not predicted if we consider the apparent re
ation timesT2* (A)50.4131026 s andT2* (B)50.131026 s
deduced from the unsaturated ESR linewidth~see Fig. 8!.

Figure 12 also shows the spectrum simulated as the
of two BCESR lines, one for each type of population. T
simulation was very sensitive to the quantitiesT2 and I (I
11)NA f, which play a different role in the shape of th
spectrum. The simulation parameters are listed in Tabl
The most interesting result is that the relaxation times
duced from the simulation,T2(A)54.831026 s andT2(B)
50.931026 s are much larger than theT2* values deduced
from the ESR linewidths. This feature can only be explain
if the unsaturated ESR line exhibits a residual broadening
magnetic field inhomogeneities or modulation effects, givi
a smaller apparentT2* . It is remarkable that theT2 value of
population A is very close to that measured in LiF:Li b
Cherkasovet al. by spin-echo methods (T2'531026 s be-
low 100 K!,38 indicating that we are probably dealing wit
the same type of Li particles in LiH:Li and LiF:Li. The sec
ond feature revealed by the simulation is that the DNP
very similar for the two populations, withI (I 11)NA f
5110 and 140 MHz for populations A and B, respective

d

f

FIG. 12. Experimental and calculated BCESR spectrum o
LiH powder sample irradiated during 0.25 h.T54 K, P
50.5 mW. The simulated BCESR spectrum is the sum of the c
tributions of populations A and B, calculated with parameters giv
in Table I.
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TABLE I. Examples of ESR and BCESR parameters at low temperature of lithium particles in a LiH powder sample irradiated
The parameters deduced from the BCESR spectra are compared with those of Li2O:Li.

Compound Method Parameter Population A Population B

ESR weight~%! 15 85
(P55 mW, T54 K) DB ~mT! 15.9 66.6

T2* (1026 s) 0.41 0.10

LiH:Li DBov5 f (P) T2 (1026 s) 4.860.3 0.9
(T520 K) I (I 11)NA f ~MHz! ,330 ,215

BCESR T2 (1026 s) 4.8 0.9
(P50.5 mW, T54 K) ^I (I 11)NA f& ~MHz! 110 140

s I (I 11)NA f ~MHz! 78 35

BCESR T2 (1026 s! 0.49 0.2
Li2O:Lia (P525 mW, T54 K) ^I (I 11)NA f& ~MHz! 240 240

s I (I 11)NA f ~MHz! 35 35
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Accurate simulations were only obtained with distributio
of DNP parametersI (I 11)NA f ~Table I and Fig. 12!, as a
distribution ofT2 could not reproduce the experimental lin
shape. It is interesting to note that population A exhibits
much broader distribution of DNP than population B. Sin
I (I 11)NA is equal to 650 MHz in metallic lithium, the
observed distribution of DNP is only due to the leakage f
tor f @see Eq.~12!#, which amounts tof 50.17 ~with s f
50.12) for population A, andf 50.22 ~with s f50.05) for
population B. A leakage factorf 51 corresponds to a nuclea
relaxation via conduction electrons. Thus the observed le
age factors and their distributions reflect the competition
each particle, between the different relaxation mechanism31

and their variation from one particle to the other.
Another proof of the existence of two populations

lithium particles is the variation of the Overhauser shiftDBov
versus the incident microwave power, shown in Fig. 1
These measurements were made at 20 K instead of 4 K in

FIG. 13. Microwave power dependence of the Overhauser s
DBov in a powder LiH sample irradiated during 0.25 h.T520 K.
Dotted line ~population A!: calculated with T25(4.860.3)
31026 s andI (I 11)NA f,330 MHz, discontinuous line~popula-
tion B!: calculated with T2'0.931026 s and I (I 11)NA f
,215 MHz. Three examples of ESR spectra at different microw
power are shown at the top of the figure.
a

-

k-
n
,

.

order to decrease the relaxation timeTx sufficiently to permit
multiple forward and backward sweeps ofB0 in a reasonable
time. The experimental variation is significantly differe
from the theoretical ones described in Figs. 9~a! and 10~a!,
and reflects the different behaviors of populations A and
At low microwave power (P,0.5 mW) the ESR spectrum i
dominated by the narrow line of population A characteriz
by a long T2 @see Fig. 9~a! for the effect of T2]. At P
.0.5 mW, DBov steeply decreases and next slowly i
creases~Fig. 13!, which is due to the strong broadening
the BCESR line A and a corresponding decrease of its
plitude. The consequence is that the BCESR line B is n
rower than line A at high microwave power, and thus dom
nates the spectrum. Simulations of the low and highP
portions of the experimental curve giveT25(4.860.3)
31026 s andT250.931026 s for populations A and B, re-
spectively~dotted and discontinuous lines in Fig. 13!. These
values are exactly the same as those obtained by simula
of the BCESR spectrum~Fig. 12 and Table I!.

We have noted in Sec. III that the ESR line broadens up
annealing treatments, and that population A decreases m
rapidly than population B~Fig. 3!. However, examination of
the saturated ESR line at low temperature, in normal con
tions of bistability, reveals a deeper effect of the anneal
treatment than a simple line broadening. Figure 14 shows
ESR spectrum at 4 K andP50.5 mW of an irradiated
sample annealed during 500 min at 180 °C. It appears
the line is only slightly distorted by the DNP and the hyste
esis is extremely reduced. We could not obtain an accu

ift

e FIG. 14. BCESR spectrum atP50.5 mW of the sample of Fig.
1~b!, irradiated during 3 h and treated 500 min at 180 °C.
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simulation for this spectrum, most probably because o
very broad, non-Gaussian distribution of parameters. H
ever, the mean values of the parameters was found to
T2'0.231026 s andI (I 11)NA f'120 MHz. The decrease
of T2 might be due to the increase of the spin relaxation
the particle surface due to the reduced particle size. T
effect generally occurs for particles smaller than about 3
nm.37,39,40

VI. DISCUSSION

The results of Secs. IV and V show that ENDOR a
BCESR are much more selective than conventional E
spectroscopy, since well defined populations of meta
lithium particles were detected from ESR spectra hav
only a single symmetrical line. The selectivity of BCESR
particularly interesting since it permits accurate measu
ments of magnetic parameters of metallic particles, wh
reflect the history of the particles and the nature of the h
matrix. This can be checked by comparing Li particles
LiH:Li ~UV irradiation! and Li2O:Li ~electron irradiation!.26

In both cases only a single symmetrical ESR line with
same linewidth is observed, while the BCESR spectrum
veals the presence of two distinct populations of partic
However, the magnetic parameters measured for the
populations~Table I! are clearly different in Li2O:Li ~Ref.
26! and LiH:Li: ~i! the DNP in Li2O:Li is about twice that of
LiH:Li; ~ii ! the two populations of each matrix exhibit abo
the same DNP, and are characterized by differentT2 values;
~iii ! T2 values are smaller in Li2O:Li than in LiH:Li. These
results indicate that the production of a dual population
lithium particles by irradiation seems to be a general feat
~see also Refs. 7, 11, and 16!, however, their magnetic pa
rameters are matrix dependent and reflect the history of
samples. The actual values ofI (I 11)NA f being determined
by the leakage factorf @see Eq.~12!#, the valuesf 50.37 and
f '0.2 found for Li2O:Li ~Ref. 26! and LiH:Li, respectively,
indicate that the nuclear relaxation times competing with
relaxation via conduction electrons are matrix depend
and that they are almost identical for the two populations
particles in each type of matrix.

We address now the problem of the crystallograp
structure of lithium metal in each population. Metall
lithium at ambient pressure has the body-centered-cu
~bcc! structure atT.72 K. A martensitic transformation be
low 80 K gives low temperature 9R phase of lithium char-
acterized by a nine-layer sequence of close-packed pl
~ABCBCACAB!.41 Additionally the 9R phase becomes pa
tially face-centered-cubic~fcc! upon heating above 80 K
before reverting to the high-temperature bcc phase.42 At
room temperature the fcc phase is stable at pressures l
than 6.3 GPa.32 Each Li atom has 8 first neighbors in the b
phase and 12 first neighbors in the close-packed 9R and fcc
phases. The site symmetry is cubic in the bcc and fcc pha
and axial in the 9R phase. Consequently, Li nuclei may e
perience an electric-field gradient only in the hcp pha
Thus it appears likely that population B belongs to theR
phase owing to the presence of a quadrupole structure i
nuclear-magnetic-resonance spectrum. Very recent7Li NMR
measurements in Li2O:Li single crystals showed the presen
of two NMR signals with different Knight shifts, revealin
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the presence of two distinct metallic phases,13 characterized
by very distinct ESR spectra.11 One of these ESR lines ex
hibited the same temperature variations of the linewidth a
the intensity as those found for population B in LiH:Li. It i
thus tempting to conclude that the large Li particles
Li2O:Li ~Ref. 13! and the Li particles of population B in
LiH:Li belong to the 9R phase. This hypothesis should b
tested by ENDOR. However, the signal-to-noise ratio of
ENDOR response of Li2O:Li was too low to reveal any
structure.26

We must consider two possible cubic structures~bcc or
fcc! for Li particles of population A owing to the lack o
quadrupole interaction of their nuclear magnetic resonan
Despite the fact that only the bcc phase is stable at amb
temperature and pressure, it is tempting to assign popula
A to the fcc phase. A first reason is that fcc particles ha
already been observed by x-ray diffraction in LiF:Li,3 and
theT2 values measured in this compound38 were nearly iden-
tical with those found in this work for population A. Anothe
reason is purely geometrical. It is well known that ionizin
radiations produce F centers~electron trapped at anion va
cancies! with displacement of interstitial atoms.43 In LiH the
interstitial H atoms give hydrogen gas in the form of bubb
in the crystals.44 Thus sufficiently large aggregates of F ce
ters may be seen as a lattice ofnLi1 ions with n electrons,
giving metallic Li precipitates. The Li1 ions of the rock-salt
structure of LiH and LiF occupy a fcc lattice which thu
plays the role of a template for the formation of fcc Li pa
ticles by electron capture from F centers. This phase sho
normally transform into bcc Li metal owing to the unstabili
of fcc Li metal at ambient pressure. This is also true for t
9R phase, stable below 80 K. However, it is important
note that electron capture by a Li1 lattice of volumeV0 gives
metallic Li particles of volumeV.V0 . For fcc, 9R, and bcc
Li metal, the relative volume expansionDV/V0 in LiH ~with
DV5V2V0) is equal to 0.254, 0.275, and 0.291, respe
tively, so that fcc Li are the particles which experience t
smallest pressure by the surrounding lattice. Conseque
fcc Li particles should be more stable than bcc Li in LiH.

VII. CONCLUSION AND PROSPECT

Metallic lithium colloı̈ds created by UV irradiation o
lithium hydride were investigated in this work as a mod
system by combining classical ESR, ENDOR, and BCE
spectroscopies. Compared with standard ESR of conduc
electrons, which is only sensitive to the size of the partic
with respect to the skin depth of the metal, ENDOR a
BCESR are techniques of high selectivity and resolut
which allowed us to distinguish two crystallographically d
ferent phases of lithium from a single structureless ESR li
The following conclusions can be drawn from the pres
work:

~i! It is now established that the deviation from th
Lorentzian shape of the wings of the ESR line of lithiu
metal, often mentioned in the literature, is the manifestat
of the coexistence of two crystallographically differe
phases of the metal, as previously proposed in lithi
fluoride.8

~ii ! ENDOR spectroscopy shows that one population
particles probably belongs to the 9R close-packed phase, th
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other population being cubic, most probably of the fac
centered-cubic type.

~iii ! At low temperature, the ESR line of conduction ele
trons exhibits a pronounced bistable hysteresis which sh
that the electronic relaxation timeT2 of lithium is much
larger than that deduced from the ESR linewidth, dem
strating also the inhomogeneous character of the latter.
cubic and noncubic phases of lithium in LiH are charact
ized byT2'531026 s andT2'1026 s, respectively. These
small differences ofT2 are sufficient to give two distinguish
able BCESR spectra.

~iv! The two populations of particles exhibit a broad d
tribution of their nuclear relaxation times.

Finally, it is worth mentioning that the combination o
highly selective ENDOR and BCESR spectroscopies mi
be useful for studying the behavior of systems involving m
tallic lithium, such as secondary lithium batteries. It is w
r
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established that the life cycle of these batteries is limited
the lack of reversibility of the Li anode related to the mo
phology of the electrodeposited lithium metal.17 The forma-
tion of dendrites of about 4–5mm width usually occurs at
the anode-electrolyte interface. Standard ESR spectrosc
can hardly distinguish between electrodeposited lithium de
drites and the bulk lithium of the anode. We believe th
BCESR and ENDOR are sufficiently sensitive, resolutiv
and selective to distinguish the different types of metal
lithium deposited during the multiple cycles of the battery
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