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Anomalous metallic lithium phases: Identification by ESR, ENDOR, and the bistable
Overhauser effect
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Metallic lithium particles precipitated in lithium hydride by UV irradiation are investigated by electron spin
resonanc€ESR), electron-nuclear double resonafB&\DOR), and ESR at low temperatures under conditions
of bistable Overhauser effe®hys. Rev. B47, 15023(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 B the 9
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 resan&kces ¢he
consequence of a very lofig, which amounts to %10 ®s and 108 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.

[. INTRODUCTION The line shape is Lorentzian fa< 4. These two types of
particles were clearly evidenced in,O:Li single crystals b
Lithium is the lightest metal element, with the dramatic their very different linewidths and saturation behavi’dr:‘sz.y
consequence that the spin-orbit coupling is so weak thathe paramagnetism is of the Pauli type in both regimes.
lithium is one of the few metals giving an electron spin reso-/Vhen metallic particles are so small that the difference be-
nance(ESR signal! The ESR line is often so narrow that tween the adjacent electron energy levels at the Fermi level

minute amounts of lithium can be detected despite the weaRS o o> much larger than kT, the paramagnetism exhibits a
P ~1 pehavior andy distribution. This situation is referred to

Pauli paramagnetism inherent to metals. For these reasons,a quantum size effe¢QSB regime* It occurs for a very
lot of work_ h_as begn devoted to the electron magnetic resosy g particle size, Eypicallﬂ$5 nm5 and has been clearly
nance of lithium, since the early days of the ESR. identified in LiF:Lit

Particular interest has been shown to irradiated lithium However, standard ESR spectroscopy suffers from short-
compounds, characterized by the precipitation of lithium parcomings for complex systems containing associations of
ticles of variable size and shape. The most investigated sydithium precipitates with various shapes and sizes, impurity
tem was LiF irradiated by thermal neutrons, where Li par-contents, or crystallographic structures. The difficulty is par-
ticles have been detected by x-ray diffractory\MR,* ticularly evident when the precipitates exhibit a more or less

ESR®® and thermal analysisThe very pure Li metal thus LoOrentzian resonance line g-~2.0022 with similar line-
widths, the resultant line always appearing as nearly sym-

produced is so well protected from oxidizing ambient atmo- ; ; ; ;
sphere and stable in time that neutron-irradiated (hiéreaf- metrical and structureless. This clearly complicates the inter-
P pretation, the decomposition of the line into individual

ter referred to as L'F:D'.'S frequently usgq as ESR.mtensny components being generally impossible despite some suc-
marker? These pioneering works were initially motivated by cegsfy| attempts. For example, a small deviation from the

the lithium breeding properties of lithium nucleus. This field | orentzian shape in the wings of the ESR line in LiF:Li at
of research is still active, with several recent works focusedgw temperatures was interpreted as the indication of a mar-
on Li,O, considered as a potential first-wall cladding mate-tensitic phase transitichThis lack of resolution and selec-
rial for fusion reactors. Careful observations by electronic tivity of lithium metal ESR hampers the use of this technique
and optical microscopies, ESR, and microwave conductivityfor the investigation of more complex systems such as
measurements have recently been conducted on electrolithium batteries, where lithium metal at the anode exhibits a
irradiated LpO (hereafter referred to as JO:Li) by Beuneu complex behavior with dendritic growth upon charge-
and co-workers?* ESR was essential in all these works, discharge cycles during the cell operatidn.

because the ESR line shape of metals depends mainly on the Standard ESR spectroscopy can be implemented by using
particle sizea. Fora larger than the skin depthof the metal more selective electron magnetic resonance techniques based
at the microwave frequency (6 is of the order of a mi- on the phenomenon of dynamic nuclear polarizatibiNP)
crometer for lithium at room temperature and<dband, the by the Overhauser effett. A partial saturation of the ESR
ESR line shape exhibits the so-called Dysonian distorsion.line of conduction electrons polarizes the nuclear spins, giv-
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ing a nonzero nuclear fiel8, which adds to the external ent populations of lithium particles characterized by well-
field By, so that the resonance condition becomes defined magnetic parameters, revealing the coexistence of
two crystallographically distinct phases of Li metal.
hv=gB(By+By), (o

instead othv=gBB, for an unsaturated ESR line. The well- [l. EXPERIMENTAL PART
known effect of DNP is a shiffOverhauser shiftof the ESR

line. The Overhauser shift has been observed in metalli@7
lithium at low temperatures in the early ESR studies on
LiF:Li and in neutron-irradiated LiHhereafter referred to as

The samples studied in this work were nominally pure
% LiH powder purchased from Fluka. Owing to the high
reactivity of LiH with water, all manipulations were made

LiH:Li ).° The nuclear field can be partially quenched byunder argon in a glovebox. The average grain size of the

depolarizing the nuclei with a saturating radiofrequency ﬁeldpowder was about 1pm. Preliminary ESR characterization

. : of the unirradiated samples always showed a Dysonian sig-
tuned to the appropriate nuclear frequency. This nuclear derial typical of metallic lithium. In order to eliminate this re-
polarization shifts back the ESR line to its unsaturated posi- yp '

tion, and thus modifies the ESR intensity at the value of th(%'d(;ﬁl le;tnh(lg(r)rl],loalj‘lL}Qeinszrnspi)gsc\rﬁizsletreﬁidteunqdg:a?ur?eon/
external magnetic fiel,. The ESR intensity change is an ydrog : P

i was increased at a rate of 300 °C/h up to 600 °C kept at this
electron-nuclear double resonan@NDOR) response. The value during 1 h, and then lowered at a rate of 300 °C/h. The

first observation by ENDOR of this line shift mechanism has . ; . )
been made by Feher in the LiF:Li systéfiThis technique powder being slightly smtereq by t.h|.s treatment, the samples
were always ground before irradiation. We often observed

has been recently refined by Denninger and applied to a Va%_he growth of LiH single crystals during the annealing treat-

. . . ’22 . . _
riety of conducting materiafS.** Owing to the high resolu ment. The samples were irradiated at room temperature with

tion (similar to NMR), the high sensitivity(similar to ESR a mercury lamp delivering a maximum power of 640 W. and
and the high selectivity of ENDOR, contributions of differ- & MErcury iamp g P ’
equipped with a water filter and a condenser. They were

ent phases of lithium indistinguishable in the ESR spectrum ;
can be separated by this technique. placed at about 2 cm from the lamp, and the homogeneity of

For strong DNP, i.¢., for a large value Bf, in Eq. (1), the f[he _|rrad_|at_|on was ensured by rotating the sample tube dur
2 . . . ing irradiation.
ESR line is also strongly distorted and deviates considerably .
; ) . L . ESR spectra were recorded with a Bruker ESP 300 spec-
from the Lorentzian shap€.An interesting situation arises . : ;
: . . ) trometer operating aXk band with a standard T, cavity.
when the electron spin-spin relaxation tinfle and the

nuclear field are sufficiently large to satisfy the following Thfzsmlcrowavg frequency was measured W'th.a precision of
inequality?* 107> GHz, which corresponds to an uncertainty of about

3.5x10 4mT on the ESR line position. The spectra were

max. recorded from 4 to 100 K with an Oxford Instruments helium
vTL,ABg, >4, (2) - ¢

flow cryostat, and with a standard nitrogen flow system for

whereABI?is the highest nuclear field that can be achievedhigher temperatures. The incident microwave poReit the
for given conditions of magnetic field and temperature. Insample is related to the microwave fiédd at the sample by
this case the line shape depends on the sweep direction of tie=KB, where the cavity constanK is equal to 4.0
external field By, resulting in a hysteresis of the ESR X10*mWmT 2 and 5.2<10* mW mT # when the cavity is
line232% The line shapes of the increasing and decreasingquipped with the helium and nitrogen inserts, respectively.
sweep lines are very sensitive to electron relaxation tilhes ENDOR spectra were recorded at room temperature with the
andT,, to nuclear relaxation timeg,,, and to the hyperfine Bruker cavity working in the Ty, mode. No ENDOR re-
interaction between electron and nuclear spiné® Since  sponse could be obtained with frequency modulation of the
hysteresis is the consequence of bistability, this situation wilfadiofrequency(rf) carrier, as is generally the case for EN-
be hereafter referred to as bistable conduction electron-spiROR of molecular radicals and defects in solids. However,
resonance BCESR. It gives much more selective spectra high ENDOR enhancement was obtained with a 12.5-kHz
than standardunsaturated ESR since lithium aggregates modulation of the applied magnetic field.
presenting different magnetic parameters give BCESR lines
with different line shapes and positions. A characteristic
BCESR spectrum has recently been reported for metallic Li
particles in LyO:Li.?® We describe in this part the results of standard ESR spec-
We present in this paper a combined ESR-ENDOR-roscopy, characterized by low incident microwave power
BCESR investigation of a lithium metal system for which the which precludes any DNP by the Overhauser effect. For me-
contributions of different types of lithium precipitates do not tallic lithium at room temperature this situation is achieved at
appear on the unsaturated ESR spectrum. We have chosericrowave power of the order of 0.1 mW or less. Figu(a 1
the LiH:Li system where Li precipitates are created by UVshows an example of an ESR spectrum recorded at room
irradiation. In one of the early ESR works, Doyle, Ingram, temperature for a LiH powder sample irradiated dgr&h at
and Smith showed that Li metal in this case is characterizedoom temperature. The very narrow and almost symmetrical
by a strong symmetrical and narrow structureless ESR lindjne (sample dependent linewidthB=8—-15xT) is similar
indicating the presence of submicronic Li partictésn the  to that observed by Doyle, Ingram, and SnfiffiThe line-
present work the correlation between ENDOR, BCESR, andvidth is slightly dependent on the irradiation time as it de-
unsaturated ESR spectra clearly showed that this single, apreases from=~20 uT to ~8 uT when the irradiation time
parently simple system is actually formed of two very differ- varies from=0.25 to 6 h. It is now largely proved that such

Ill. ESR RESULTS
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FIG. 2. Temperature dependence of the ESR linewidthpty
FIG. 1. Example of experimental and simulated ESR spectrun$quares and intensity(full circles) for populations A and B in a

at room temperature for a LiH powder sample irradiated during 3 hLiH powder sample irradiated during 3 h.

Microwave powerP=5 uW, (a) just after irradiation: the dotted )

and discontinuous lines represent population ABE8.4uT, the spectrum of Fig. () may well be simulated also by a

40%) and population B AB=31uT, 60%), respectively(b) after ~sum of more than two lines. The presence of two well-

annealing at 180 °C during 500 min: the dotted and discontinuousglefined populations could only be proved by the effect of

lines represent population MAB=25.3uT, 26% and population DNP at room and low temperatures, responsible of the EN-

B ((AB=68.8uT, 74%), respectively. The resulting simulations DOR and the BCESR spectra described in the following sec-

are indistinguishable from the experimental spectra. tions. For the moment we only postulate the existence of
these two sets of particles.
narrow lines are due to metallic lithium particles of sae Figure 2 shows the temperature dependence of the peak-

(diameter for a sphere, thickness for a plajesghaller than  to-peak linewidthAB and the ESR intensity for populations
the skin depths of the metal aX band. The ESR linewidths A and B, as deduced from the two-component simulation.
measured in the present work are very similar to those foun@he intensities were measured by double integration of the
in Li,O:Li (AB~13uT),’% but smaller than the values simulated components of the ESR line. The linewidth for
generally measured for LiF:LiXB~56-65xT).® The ESR  population A weakly depends on temperature /8 in-
lines in LiH:Li are however broader than those observedcreases from=10 to ~20 uT whenT decreases from room
with very pure lithium films precipitated from liquid- temperature to 40 K. This small broadening is partly due to
ammonia solutions, characterized hB~2 uT.% the onset of DNP at low temperature, which distorts and
Despite its apparently structureless and symmetricabroadens the ESR liné3In the same temperature range, the
shape, the ESR line in Fig(d could not be simulated with linewidth of population B increases frons40 to ~90 uT.
a simple Lorentzian shape function as expected for a singl&he ESR intensity of population A does not depend on tem-
population of lithium particles. A much better agreement perature between room temperature and 100 K, and appears
was obtained by fitting the ESR line to the sum of a narrowto decrease slightly below this temperatufég. 2). This
(AB~8.4uT) and a broad £B~31.T) Lorentzian lines behavior is consistent with the Pauli paramagnetism of me-
centered ag=2.0022, corresponding to two sets of lithium tallic lithium, and the small decrease below 100 K is due to
particles, hereafter referred to as populations A and B. Exthe effect of DNP* Alternatively the ESR intensity for
actly the same situation was encountered with LiH singlepopulation B decreases by a factor 4 between room tempera-
crystals, with a two-component ESR line invariant upon ro-ture and 70 K(Fig. 2). It is interesting to note that the tem-
tation of the magnetic field. This indicates that lithium par-perature dependence of both ESR intensity and linewidth for
ticles are located in the bulk of the crystallites. Careful ex-populations A and B are similar to those found by Beuneu
amination of the spectra shows that the narrow lineand Vajda for small and large lithium particles in,QiLi
(population A is Lorentzian while the broad lingropulation  single crystals?!
B) is often slightly distorted with a small amount of Dyso-  The ESR line shape also depends on the annealing effect
nian character, indicating that the particle size might beon the irradiated samples. Figurél shows the effect of a
larger in population B than in population A. The linewidths 500-min annealing treatment at 180 °C of the sample of Fig.
and the relative intensities of ESR components A and B ard(a). The variation ofAB and of the intensities versus the
slightly dependent on the irradiation time. Population B al-annealing time are plotted in Fig. 3. The following evolution
ways dominates with a ratio(Bo)/A(%) varying from 90/10 is observed(i) The linewidth increases from 10 to about 25
to 60/40 for irradiation times increasing from0.25 to 6 h. T for population A and from 30 to 7@T for population B,
Correlatively the linewidths of populations B and A decreasethe same effect being observed for a treatment at a lower
from 60 to 30uT and from 20 to 8uT, respectively. It is temperature(120 °Q; (ii) The ESR intensity of the two
important to note that ESR alone cannot demonstrate thpopulations decreases during the first 100 min of treatment
existence of two distinct populations of lithium particles, asand then stabilizegjii) the relative weight of population B
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. . . (discontinuous ling ESR transitions. The arrows represent the
FIG. 3. Isotherma_l a”_”,ea“”g behaviorit 180 C of_the ESR_ variations of the ESR intensity at three selected magnetic-field val-
parameters of metalll.c Li ina LiH powder sample |rrad|ateq during uesB,, induced by a saturating radiofrequenay field tuned to
3. h @ and_(b) ESR IlneW|dth_s(open squargsand abs_olut_e NN the nuclear frequency?; of “Li nucleus. The ENDOR intensities
sities (full cm_:les) for popula_tlons A and B(c) contributions of are proportional to the lengths of the arrows. Two ENDOR re-
each population to the total intensity. sponses are also shown in the top of the figloe Magnetic field

. . . . dependence of the ENDOR intensity.

increases by annealingyy) the line shape remains Lorentz-

ian for population A while the weakly dysonian line shape of dp 1—x2 ox

population B remains unchanged, with an asymmetry =y .y

parameter equal to about 1.2. dBy  (1+x9)% " (1+x9)*’
All these observations show that population B always . i i

dominates over population A, especially at low irradiationWith X=¥(B—Bo)T,, and y is the electron gyromagnetic

and long annealing times. The line broadening produced@tio- By using Eq(3) for population B and a purely Lorent-

upon increasing the annealing treatment can be correlated @" shape for population AEq. (3) with a=0 and 8

the line narrowing observed upon increasing the irradiatiori- 11, @ simulation of excellent quality of the experimental

time, assuming that the linewidth is dominated by relaxatiorSPECtra was always obtained. Parameteend B8 determine

at the particle surfacewith particle size increasing during "€ asymggetry of the ESR line, and are directly related to the

irradiation and decreasing during annealing treatment. It thu&tio @/8.”" Simulation of the ESR line B with E¢3) and

appears that population B is more favorable kinetically andEXPressions given by Berirt al. show that the particle size

more stable thermodynamically. The fact that the ESR line AOr Population B is of the order of 0.am. The decrease of

is always Lorentzian whatever the irradiation time or theth® ESR intensity with temperatufig. 2(b)] is also consis-

annealing time indicates that these particles are always mudfnt With the Dysonian character of the ESR line of popula-
smaller than the skin depth of lithium at 4 K, i.ea, tOnB,as a thinner part of the particles is observed wken

<0.12um. Alternatively the ESR line B is always slightly decreases witff, following the o /2 dependence 08"
Dysonian, indicating that lithium particles are larger in popu-
lation B than in population A. IV. ENDOR RESULTS

The particle size for population B can be estimated by
line-shape analysis. Webb extended the Dyson theory to par-
ticles with ratiosa/ & between 0.1 and 1%.The rather com- In this part we describe with some details the ENDOR
plicated expressions derived by this author were simplifiedesults, as this technique gave the unequivocal proof of the
by Berim et al. when the conditions BT,)¥>>¢$ and a existence of two distinct populations of lithium particles, and
<206 are fulfilled, D and T, being the electron diffusion provided informations on their crystallographic structures. In
coefficient and the spin-spin relaxation time, respectivély. order to clarify the rather complex ENDOR behavior of
The first condition always holds for lithium while the second LiH:Li shown in Sec. IV B, let us first consider the theoret-
applies for particles of populations A and B. Under theseical ENDOR response of a homogeneous population of
conditions, the ESR line for the two populations is simply lithium particles of sizea<d, characterized at room tem-
the sum of Lorentzian shaped absorptighand dispersion perature by a Lorentzian ESR line. At very low microwave
x' contributions. The following expression was obtained forpower (P<<0.1 mW), this line is centered at the resonance
a first derivative ESR liné° field hv/gB [Fig. 4@, full line]. At higher microwave

©)

A. Background
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power, the ESR line is partially saturated and shifts to low 2

field with respect to the unsaturated one by the nuclear field & ab,, <-c

B, induced by the DNHFig. 4(a), discontinuous line; see E ~d

also Eq.(1)].*® Assuming that the DNP does not affect sig- & e d)
nificantly the line shape, which is the case at room tempera- %4{-5-"-3%3%?”

ture with LiH:Li, the unsaturated ESR intensityB,) at a B-hv/éB (m"f)

given valueB, of the external magnetic field is thus modified 0 e
by the DNP by the quantitAl(Bg)=1(Bg)—1(Bo+B,), PO"U:LAT‘ON A e)
which can be either positive or negative depending on the ?2‘ a)

value of B [see Fig. 4a)]. The nuclear field responsible for s '

this shift can be quenched by applying a saturating radiofre- £ Lwtdininn

quency(rf) radiation v tuned to the nuclear frequenay, < | POPULATION B vV £)
=0nBnBo/h of ’Li nuclei (92.5% natural abundancé, *;f

=3, 9,=2.170961). Thus if the external magnetic field is 5 ﬂ’/ﬂf\h‘)‘ M f
set at a valud, while saturating the ESR line and scanning E L enlaesd A TR
v, the ESR intensity will make a jump equal toAl(B) % L

for v= v‘ﬁi. This ENDOR response may be positive or nega- % Vil

tive depending on the field settir,. The arrows in Fig. - c) g)
4(a) represent the magnitude and the sign of the ENDOR |
signal — Al (B,) for three examples of field setting values. If 45 55 65 45 55 65
the nuclear spin lattice relaxation tiriig, responsible for the Radiofrequency v_ (MHz)
DNP is larger than the spin-spin relaxation tiffg,, which

is the case with metallic Li at room temperatﬁ?'&he theo- FIG. 5. Selected ENDOR spectra recorded at room temperature

retical ENDOR response- Al (B,) has the form of a posi- and at different values of the magnetic figl@)—(g)]. Each field

tive or negative symmetrical line. Two examples are showrsetting is marked by an empty circle on the partially saturated ESR
on top of Fig. 4a). Thus the amplitude and the sign of the spectrum shown in the top of the figure. The narrow and broad
ENDOR response strongly depend Bp, as shown in Fig. ENDQR lines represent _the_ responses of populations A and B, re-
4(b) representing the variation of the ENDOR intensity spectively. The features indicated by arrows shovythe apparent qua-
—Al(By) as a function of the field,. The base linddis- drupolar structure of the ENDOR trace of population B. Ml(_:rowave
continuous ling corresponds to the polarized ESR intensity POWe" P=40 mW; radiofrequency power 100 W, modulation fre-
[(Bo+By). This curve has roughly the shape of a seconde"%Y: 12.5 kHz; modulation depthyBr.

derivative of the ESR absorption. We will use in the next

part the simple situation described in Fig. 4 to interpret the Al these_ fea_tures can be explained only if we assume that
more complex ENDOR response of LiH:Li. the ESR line is actually the overlap of a narrow and a

broader line representing two separate populations of lithium
- particles, as postulated in Sec. Ill. Each ESR line gives an
B. ENDOR of LiH:Li independent ENDOR response which can be either positive

Figure 5 shows an ESR spectrum and some representatié negative, depending on the field setting as previously
ENDOR spectra at room temperature for a powder LiH:LiShown in Fig. 4. The theoretical variation of the ENDOR
sample irradiated during 3 h. Each ENDOR trace correintensity —Al(Bo) versusBy is shown in Fig. 6 in the case
sponds to a particular field settiry,, indicated by open of two overlapp_lng ESR lines qorrespondmg to popul_atlons
circles on the ESR spectrum of Fig. 5. The striking feature of* and B. The different field setting valué corresponding

the ENDOR response of Li metal is that its shape exhibits a
considerable field setting dependence. When the Bglds

set in the left side of the ESR spectriifield setting a, Fig.
5(a)], the ENDOR response is a narrow negative line at the
nuclear frequency of Li £0,~5.66 MHz). WhenB, is
shifted to a value close to the maximum of the ESR line
[field settings b and c, Figs(® and 5c)], a broad positive
line is superimposed on the narrow negative [iRigy. 5b)].

A very small increase of the field setting results in a strong
decrease of the narrow liri&ig. 5(c)] which then becomes
positive and Iargely.domlr?ates the broad liffégs. Sd) and' FIG. 6. Schematic representation of the theoretical magnetic-
5] Whe_n the field is set_ln the c_entrgl part of the ESR IIne'field dependence of the ENDOR intensity of populations A and B.

A further increase of the field setting gives the same ENDORrpe curve for population B is amplified with respect to that of
features as for the low field setting case. First, the narrowgpyiation A. The base linédiscontinuous lingis the zero EN-
positive line decreases more rapidly than the broad line an8oR intensity. The ENDOR responses of populations A and B are
becomes negative, while the broad line remains positivgegative and positive, respectively, in the two narrow magnetic-
[Fig. 5(f)]. IncreasingB, again results in the increase of the field ranges represented by dashed areas. The ENDOR intensities of
negative line while the broad line decreases and becomake two populations are either positive or negative outside these
negative[Fig. 5g)]. domains.

POPULATION B POPULATION A

ENDOR intensity (arb. units)

Magnetic field
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the ENDOR spectrum recorded with the field setting c. The
EXP. spurious feature at 5 MHz is due to an instrumental effect.
The residual contribution of population A was eliminated by

A+B M simulating the experimental spectrum as the sum of a broad

A positive line representing population B and a narrow line for
FATIRN a) population A, both being Lorentzian shaped. The relative

B e weight of these two lines was chosen to give an accurate

reproduction of the middle part of the experimental spectrum
[Fig. 7(@]. The spectrum of population B was next recon-
structed by subtracting the ENDOR line A from the experi-
mental spectrum, which gave the spectrum of population B
shown in Fig. Tb).

The simulation of this spectrum used the general nuclear-
spin Hamiltonian of’Li nuclei in a lithium particle®!

POPULATION B

ENDOR intensity (arb. units)

e ) A
-1 65 Vv, 05 1
Radiofrequency v . (MHz)

e’qQ
FIG. 7. (a) Experimental ENDOR spectrum recorded with the H==0npnl -Bo+ 41(21-1)
field setting c of Fig. 5. The full line represents a simulation of the
middle part of the spectrum by the sum of a negative line for popu- 2 1 5 2
lation A and a broader positive line for population B. The two X 3lz=I(1+1)+ 2 (15 +12) 1, 4

individual componentgdotted line$ are Lorentzian(b) Spectrum
of population B obtained by subtracting the negative line of popu-
lation A from the experimental spectrum. The dotted line representgyhere the two terms represent the nuclear Zeeman interac-
the simulation of the spectrum of population B by taking into ac-tjo and the quadrupole interaction, respectively. We have
count a quadrupole structure. The spurious feature indicated by g iacted the hyperfine interaction between the conduction
star is due to instrumental effect. electron spinS and the nuclear spihof the particle because

) o this interaction is only responsible for a Knight shift of the
to the spectra of Figs.(8-5(g) are also shown in Fig. 6. ENDOR line which is much smaller than the ENDOR

Since the base linédiscontinuous ling represents a zero linewidth32 The quadrupole interaction appears for nuclei
ENDOR intensity, it can be seen that the ENDOR response,

. . ) X With spin1>3, (which possess an electric quadrupole mo-
are positive for popula.t|or.1 B and nega.tlvg . pppylatlon AmenteQ) experiencing an electric-field gradient of compo-
in very narrow magnetic field ranges within the limits of the

N . N nentsV;: characterized by ;V;; =0, with j=X, Y, andZ
dashed areas in Fig. 6. Outside these peculiar field ranges, . N oA Co
ENDOR lines are either positive or negative for the tWOBelng the principal axes of the electric-field gradient tensor.

populations, The Z component of the electric-field gradienteg|=V;.

ENDOR responses shows that they belong to two separa{g ’ P '

electron-nuclear spin systems which are not connected blgn/uclear-spm energy IeveEml of each spin staten, can be

P ; : .33
spin-relaxation mechanisms. In other words, the narrow an@Ptained by a first-order perturbation treatment of &9
broad ESR/ENDOR line systems correspond to populations
A and B, respectively.

1
Em, =~ GnBnBomi + 5 hv[3 cos §— 1+ sin? 6 cos 2p]
C. ENDOR of population B

Let us now address the structural characterization of the
two populations. For the moment we assume only that the

particles are of submicron size in the two populations, andynere vg=3eQV,,/h21(21-1) is the quadrupole fre-
that the particles are slightly larger in population B than 'nquency andy=(Vyx— Vyy)/V is the asymmetry param-

population A. However, a difference in size cannot explainger of the electric-field gradiert.and¢ are the polar angles

the_ bEh?ViﬁrShOf their ENDOR resEonsei. A r(]:areful exal‘_m"of the field By. The three allowed NMR transitions,

nation of all the ENDOR spectra shows that the narrow line_ 1—m, occur at frequencies,, = (E,, ,—E,)/h. With-

of population A is structureless while the broad line of popu- . : ! I | )
ut quadrupole interactionVixx=Vyy=Vzz=0), there is

lation B exhibits an apparent satellite structure indicated b}p &X Sy PR
arrows in Fig. 5. These satellites are more evident when th@ly one ENDOR frequency(;=gnB,Bo/h. This situation

field setting is selected so that the narrow ENDOR line ofcOrresponds to population A, which gives only a structure-
population A almost vanishes. This is the case of Fig).5 less ENDOR line and thus exhibits a cubic crystallographic

This particular field setting has been chosen for a more gestructure. Fpr a nonvanishing electric-field gradient, which is
tailed analysis of the ENDOR line of population B, which the case with population B, we expect three ENDOR lines at

can be simulated after subtraction of the residual contribufrequenciesy; (33 transition, v, (3« —3% transition,
tion of population A. Figure (& shows an expanded view of andv; (— 3« — 3 transition given by

X[mZ—1(1+1)/3], 6
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an ENDOR shiftuLi—in<1 kHz. Thus more experiments
are needed to explain the ENDOR shift observed for popu-
lation B.

V1(0,<p)=1/|_i—%(3 cog 6— 1+ 5 sirf 6 cos 2p),

VZ( 01()0) =V (6)
vo V. BISTABLE CONDUCTION ELECTRON SPIN
va(0,0)= v+ 5°(3 cog 60— 1+ 7 Sir? 6cos 2p). RESONANCE

A. Background
The ENDOR intensities, proportional t&(m,—1|I*

+17|m;)|?, are in the ratio 3:4:3 for,, v,, andv;, respec-
tively. The resulting ENDOR spectrum is calculated by inte-
grating over the polar angle and ¢ the sum of the three
ENDOR lines:

The nuclear fieldB, due to the hyperfine interactioh of
an electron spin wittN nuclear spins in Eq1) is related to
the nuclear polarizationl ,) by?®'®

B.—N2 9)
“_gﬁ< 2)

2m

3
Odso;l pf(w—vi(6,¢). (7)

m

I(v)= Od cosef

0=

At very low incident microwave power, the only source of
nuclear polarization is the thermal equilibrium between the
nuclear-spin statel,)~(12)=g, B, (1 + 1)By/3kT, so that
B, is very small 8,~7 nT for ‘Li at room temperatupeand
can be neglected in E€L). This situation corresponds to the
standard unshifted ESR lines of lithium particles studied in
Sec. lll. The nuclear field can be enhanced by DiIRer-
hauser effe¢t®!® and the resulting shift of the ESR line is
now given in this case by the general expressiit:

The coefficienty;(i=1,2,3) are proportional to the tran-
sition probabilities, withp;=p;=3 andp,=4. Each EN-
DOR transition has a Lorentzian shape—v;(8,¢))={1
+4[v—1i(6,9)1%/(Av)?} ! whereAw is the width at half
height of the transition.

The ENDOR spectrum of population B shown in Figh)7
was simulated with three adjustable paramefers vq, and
n. The best fit was achieved witlvg=0.75MHz, Av
=0.170 MHz, a7nd77=0, which indicates that the electric- AB B ABM q
field gradient at’Li site has an axial symmetry. The corre- o= Br=ABg, — 2,
sponding ENDOR parameters for population A axg=0, 1+a+r(Bot+By—hi/gh)
Av=0.108 MHz, andy=0. Thus the two populations have with q=?T,T,B? andr = 7?T3. The parameteA B"® rep-

ov

nearly the same ENDOR linewidths and differ only by theresents the highest nuclear field achievable under gign
symmetry of the Li sites, which is cubic for population A andT conditions:

and axial for population B. The consequences of these fea-
tures are discussed in Sec. VI. max_ | (I T1)NATB,

It is noteworthy that the ENDOR spectra of populations A ABoy =37 (11
and B are not centered at the same rf value, which results in
a visible dissymmetry of the spectrum. This is particularlywheref is the leakage factor reflecting the efficiency of the
evident for spectra with two components of comparable in€lectron-nuclear  relaxation = mechanismT, (Amg=
tensities for each populatidirigs. 5b), 5(c), and §e)]. For =1, Am;==1) responsible for the nuclear polarization,
example, the spectrum shown in Fig. 7 has been recorded athich compete with other relaxation mechanisttebeled
the field setting Bo=341.88mT, corresponding to the Ti,):%!
nuclear Zeeman frequency?,=5.658 MHz. The ENDOR
spectra deduced from simulatioffsig. 7(a)] are centered at o T,
frequenciesv]t ~5.659 MHz andvf.~5.675 MHz for popu- UT,+ 1Ty,
lations A and B, respectively. It thus appears that the central
frequency of the ENDOR spectrum B is shifted b7 kHz ~ Itis important to note that Eq10) is a third degree equa-
with respect tow(;. This shift is not due to a second-order tion which may have either three or one solutions By,
effect of the quadrupole interaction because the latter is eglepending on the fact that the critical inequaliig. (2)] is
timated to be—10 kHz, thus with the wrong sign. Also this Satisfied or not? In most cases howeveYBg™ and the re-
shift is not due to a Knight shift of the nuclear resonance oflaxation timeT, are not large enough to satisfy E@), so
population B, given by the following expressich: that Eq.(10) has only one solution fd8,, and the ESR line is

only shifted and distorted by the DN This situation holds

(10

(12

0

v—v,; 8w ) for lithium metal at room temperature. The monostable
K= T: ?<|\I’k(o)| )EXpM, ®  nuclear field can be quenched by a rf field, which is at the
' origin of the ENDOR response studied in Sec. IV.
where (|¥,(0)|?)¢ is the average ofW,(0)|* over the An interesting situation arises whekBJ>* and T, are

Fermi surfaceM is the atomic mass, ang, is the magnetic  sufficiently large to satisfy Eq2) and to give three solutions
susceptibility per mass unit. The Knight shift of metalfld for B, in Eq. (10). In this case the ESR line is not only
amounts tK = 2.5x 104, thus the shifty;— v; of the EN-  shifted, it is also strongly distorted and becomes dependent
DOR frequency should be equal I@Eiwl kHz. This is an  on the field sweep direction because of the bistable character
upper limit corresponding to electron spins at thermal equiof the nuclear fieldtwo values ofB, are stable and the third
librium, and a partially saturated ESR transition should giveone is unstable’® We previously proposed to refer to this
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FIG. 8. Example of calculated ESR spectra at different micro- By vigh (D
wave power values for a homogeneous population of submicronic  FIG. 9. Influence of the relaxation timie, on the BCESR line
lithium particles. T=4K; T,;=T,=0.5x10°®s; I(I+1)NAf  shape for a homogeneous population of submicronic lithium par-
=200 MHz. AB,, andL represent the nuclear field and the hyster- ticles. T=4 K; ABM™=0.1mT, corresponding td(l+1)NAf
esis width, respectively. =75MHz; (a) microwave power dependence of the Overhauser
shift AB,,. (b) Simulations of the BCESR spectra Bt=1 mW.
situation as bistable conduction electron spin resonancgase 1: T,=2.1x10°s, u=0.3mW; case 2:T,=1.1
(BCESR.>® Metallic lithium clearly exhibits this bistable be- x107s, u=1 mw; case 3: T,=0.5X10 ®s, u=5 mW.
havior at liquid-helium temperatufé.All these features are
accogzr;ted for in the following expression for the ESR Iinemined from experimental plots of Eq14). AssumingT,
shape. =T,, the ESR spectrum can be calculated with @@). The
(yT,)3B,(Bo+B,—hv/gp) sensitivity of the ESR line shape to variations Bf and
lesy(Bo)=— |°[1+q+r(Bo+ B.—hiigp) % (13)  ABJ™at low microwave power are shown in Figghpand
n 10(b), respectively. It is remarkable that the ESR line char-
An illustration of Eq.(13) is shown in Fig. 8 which de- acterized byT,~0.5x10 °s is monostable and only dis-
scribes the theoretical behavior of the ESR line at low temiorted at 1 mWFigs. 8 and )] while it exhibits a signifi-
perature for a typical submicronic lithium particle wilh, ~ Cant hysteresis whefy, is increased by a factor[Fig. Y(b)].
—T,=0.5x10 %s and I(I1+1)NAf=200MHz [see Eq. The same effect is observed with an increasa BEy™. It is
(11)]. The ESR line is unshifted and undistorted only at veryhowever less pronounced as a relatively important increase
low microwave poweP [Fig. 8@a)]. Increasing® results first ~ Of this parameter is necessary to affect significantly the line
in a shift AB,, of the resonance and a distortion of the line shap€e[Fig. 10b)]. As shown in the next part, the two popu-
shape, with no hysteresis &, still remains monostable
[Fig. 8b)]. At higher microwave power, the line distortion 0.2
still increases while a hysteresis of width appeardFig. o1k ®
8(c)], which reaches a maximum at an optimum valudpf '
then decreases upon further increadtdrig. 8d)] and van- L O1F
ishes at high microwave power, leaving a very distorted ESR 0.0k
line without hysteresi$Fig. 8€)]. In a bistable regime, the
Overhauser shifAB,, is given by the spacing between the T =T 10
center of the unshifted resonance line and the field at which Microwave power P (mW)
the decreasing sweep ESR trace reaches the bageine).
This shift is related to the microwave powerby®18

(mT)

E
L\N \

AB

P
ABg=A B[,"Vaxu P (14

ESR intensity (arb. units)

with u=K/9?T,T,. 07 T 0 0.1
It is worth noting that the ESR line shape and the hyster- B, - hv/gP (mT)

esis strongly depend cAB® and T,, so that a small de-
gy dep ov 2 FIG. 10. Influence ofAB™ [or I (1 +1)NAf] on the BCESR

crease of one of these two parameters may guench the bIStI?ﬁe shape for a homogeneous population of submicronic lithium

bility and the hysteres%_“. Flgures %) and ,:]I;g?) show th_e particles. T=4 K, u=1mW, T,=1.1x10 ®s. (8 Microwave
calculated effect of variations df, and AB,,™ on the mi- power dependence of the Overhauser shi, . (b) Simulations of
crowave power dependence of the Overhauser &#t,.  he BCESR spectra & =1 mW. Case. 1: ABM™=0.2mT, cor-
The curveAB,,=f(P) is sensitive tdT, essentially at lowP responding tol (1 + 1)NAf=150 MHz. Case 2: AB™<=0.1mT,
values while a modification of Bgy™ affects the shift at high  corresponding  to 1(1+1)NAf=75MHz. Case 3: AB™

P values. Thus the quantitié& T, and ABJ™ can be deter- =0.05mT, corresponding t(l +1)NAf=37.5 MHz.
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FIG. 11. Effect of a distribution of paramete@z and |(| FIG. 12. Experimental and calculated BCESR SpeCtrUm of a
+1)NAf on the BCESR line shape. Full lines: spectra calculated-iH powder sample irradiated during 0.25 Hr=4K, P

with T=4K, P=1mW, T,=11x10°%s, [I(I+1)NAf =0.5mW. The simulated BCESR spectrum is the sum of the con-
=75MHz. Dotted lines: spectra calculated with distributions of tributions of populations A and B, calculated with parameters given
parametersta) distribution of T,, with o'7,=0.3x10"°s; (b) dis- N Table I.

tribution of I (1 + 1)NAf, with o1 1ynar=20 MHz. L . . L
should be distinguishable by their BCESR spectra. This is

lations A and B of lithium particles exhibit very different Shown in Fig. 12, which represents a BCESR spectrum at 4

BCESR line shapes, which permit accurate measurements §f and P=0.5mW for a LiH powder sample irradiated dur-
T, andl (1 + 1)NAf. ing 0.25 h. The unsaturated ESR spectrus<(0.5uW, not

Another aspect of BCESR s the fact that the line shap&hown was composed of 15 and 85% of populations A and
does not only depend on the values of these parameters, bt respectively. The apparent spin-spin relaxation timgs
also on their distributions. The ESR spectrum is a sum over 2V3yAB deduced from the peak-to-peak linewidths are
all the particles of a population, which may exhibit distribu- given in Table I. Bistability and hysteresis appear at higher
tions of size and shap&.Thus the overall CESR intensity microwave power(Fig. 12. However, the experimental
IPo%(B,) of a population is obtained by summing the indi- spectrum is significantly different from the theoretical one
vidual contributionsl csg(Bg,X) of each particle given by described in Fig. 8(i) a shoulder in the decreasing field
Egs.(13) and(10), with X=T, or I (1 + 1)NAf, weighed by  spectrum reflects the different BCESR line shapes of the two

the probabilityp(X)dX or occurrence of each value ¥ populationsf{ii) there is no abrupt transition in the increasing
field spectrum, and the decreasing field spectrum extends to

[POR(B,) = fxmaxp(X)lESR( By, X)dX. (15) much lower fields than theoretical spectra, these two features
Xmin reflecting the distributions of the ESR parametese Fig.
) S ) 11); (iii ) the most striking feature is that a broad hysteresis is
Since the actual distributiop(X) is not known, the most  51yays present at a microwave power of 0.5 mW at which a
usual Gaussian function was chosen: hysteresis is not predicted if we consider the apparent relax-
1 p[ X—(X)\? ation timesT3 (A)=0.41x10 ®s andT3(B)=0.1x10 %s
p(X)= expg — : (16)  deduced from the unsaturated ESR linewitkhe Fig. 8
o\2m av2 Figure 12 also shows the spectrum simulated as the sum
where(X) is the mean value oK and ¢ its standard devia- ©Of two BCESR lines, one for each type of population. The
tion. For computational reasons, the integration lindtg,  Simulation was very sensitive to the quantitieés and I (I
and Xax were chosen so thaVXe[Xnin:Xmad» P(X)

+1)NATf, which play a different role in the shape of the
=10 3/o 27, and the integration of Eq15) was achieved

spectrum. The simulation parameters are listed in Table I.

by the usual Simpson algorithm. Two examples of calculated N Most interesting result is that the re_lg\xation times de-
effects of distribution off, and ! (I + 1)NAf parameters are duced from the simulatioriT;(A)=4.8X10""s andT,(B)

shown in Fig. 11. Full lines represent the BCESR spectra=0-9X10"°s are much larger than thE} values deduced
calculated 84 K andP=1 mW for a homogeneous popula- from the ESR linewidths. This feature can only be explained

tion of lithium particles characterized by,=10"%s and if the unsaturated ESR line exhibits a residual broadening by
I(I1+1)NAf=75MHz. The dotted lines represent the sameMmagnetic field inhomogeneities or modulation effects, giving
spectra calculated with Gaussian distributions of these pa smaller appareri; . It is remarkable that th&, value of
rameters, with standard deviations;,=0.3x10 ®s [Fig. = Population A is very close to that measured '”76L|F1|-| by
11(a) and =20 Mhz [Fia. 11(b)]. Cherkasowet al. by spin-echo methodsTg~5X10""s be-
@] andoiq+ aynar [Fig. 11b)] low 100 K),*® indicating that we are probably dealing with
. the same type of Li particles in LiH:Li and LiF:Li. The sec-
B. BCESR of populations A and B ond feature revealed by the simulation is that the DNP is
The consequence of the preceding considerations is thaery similar for the two populations, with(l1+1)NAf
the two populations, characterized by specific values, =110 and 140 MHz for populations A and B, respectively.
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TABLE |. Examples of ESR and BCESR parameters at low temperature of lithium particles in a LiH powder sample irradiated 0.25 h.
The parameters deduced from the BCESR spectra are compared with thos®:af.Li

Compound Method Parameter Population A Population B
ESR weight(%) 15 85
(P=5 uW, T=4K) AB (uT) 15.9 66.6
T3 (10°%s) 0.41 0.10
LiH:Li ABg,,=f(P) T,(10 ®5s) 4.8:0.3 0.9
(T=20K) I(1+1)NAf(MHz) <330 <215
BCESR T,(10°%5s) 4.8 0.9
(P=0.5mW, T=4K) (I (I +1)NAT) (MHz) 110 140
a1+ nnaf (MHZ) 78 35
BCESR T,(10° %9 0.49 0.2
Li,O:Li? (P=25mW, T=4K) (I(1+1)NAf) (MHz) 240 240
a1+ pnat(MHZ) 35 35

8Reference 26.

Accurate simulations were only obtained with distributionsorder to decrease the relaxation tifigsufficiently to permit
of DNP parameter$(l +1)NAf (Table | and Fig. 12 as a  multiple forward and backward sweepsRy in a reasonable
distribution of T, could not reproduce the experimental line time. The experimental variation is significantly different
shape. It is interesting to note that population A exhibits afrom the theoretical ones described in Figt&a)%and 1@a),
much broader distribution of DNP than population B. Sinceand reflects the different behaviors of populations A and B.
[(I+2)NA is equal to 650 MHz in metallic lithium, the At low microwave power P<<0.5 mW) the ESR spectrum is
observed distribution of DNP is only due to the leakage fac-dominated by the narrow line of population A characterized
tor f [see EQ.(12)], which amounts tof =0.17 (with o by a long T, [see Fig. @) for the effect of T,]. At P
=0.12) for population A, and=0.22 (with ¢;=0.05) for >0.5mW, AB,, steeply decreases and next slowly in-
population B. A leakage factdr=1 corresponds to a nuclear creasegFig. 13, which is due to the strong broadening of
relaxation via conduction electrons. Thus the observed leakthe BCESR line A and a corresponding decrease of its am-
age factors and their distributions reflect the competition, irplitude. The consequence is that the BCESR line B is nar-
each particle, between the different relaxation mechanisms, rower than line A at high microwave power, and thus domi-
and their variation from one particle to the other. nates the spectrum. Simulations of the low and hRh

Another proof of the existence of two populations of portions of the experimental curve givé,=(4.8+0.3)
lithium particles is the variation of the Overhauser shiB,, X 10 °s andT,=0.9x10 s for populations A and B, re-
versus the incident microwave power, shown in Fig. 13.spectively(dotted and discontinuous lines in Fig.)1¥hese
These measurements were made at 20 K instéad ko in values are exactly the same as those obtained by simulation
of the BCESR spectrurfFig. 12 and Table)l

We have noted in Sec. Il that the ESR line broadens upon
annealing treatments, and that population A decreases more
rapidly than population BFig. 3). However, examination of

L.

.5 mW|

ESR intensity

T P Y 5 the saturated ESR line at low temperature, in normal condi-
R E(mT) 020 tions of bistability, reveals a deeper effect of the annealing
o e treatment than a simple line broadening. Figure 14 shows the
08 POPULATION A #° ESR spectrum at 4 K an®®=0.5mW of an irradiated
~ 0.6k i sample annealed during 500 min at 180 °C. It appears that
E ' oy the line is only slightly distorted by the DNP and the hyster-
50.40 :,-’ ol esis is extremely reduced. We could not obtain an accurate

AB
~

0.21 oy
k AR 2

< P OPULATION H
R A S X UV B PP |
10 107 10° 102

Microwave power P (mW)

FIG. 13. Microwave power dependence of the Overhauser shift
AB,, in a powder LiH sample irradiated during 0.25F=20K.
Dotted line (population A: calculated with T,=(4.8+0.3) OFTNTTT T 02
X107 %s andI(l+1)NAf<330 MHz, discontinuous linépopula- B, - hv/gp (mT)
tion B): calculated with T,~0.9x10 ®s and I(l+1)NAf
<215 MHz. Three examples of ESR spectra at different microwave FIG. 14. BCESR spectrum &=0.5 mW of the sample of Fig.
power are shown at the top of the figure. 1(b), irradiated durig 3 h and treated 500 min at 180 °C.

ESR intensity (arb. units)
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simulation for this spectrum, most probably because of ahe presence of two distinct metallic phas&sharacterized
very broad, non-Gaussian distribution of parameters. Howby very distinct ESR spectrd.One of these ESR lines ex-
ever, the mean values of the parameters was found to Habited the same temperature variations of the linewidth and
T,~0.2x10 ®s andl (I + 1)NAf~120 MHz. The decrease the intensity as those found for population B in LiH:Li. It is
of T, might be due to the increase of the spin relaxation bythus tempting to conclude that the large Li particles in
the particle surface due to the reduced particle size. Thiki,O:Li (Ref. 13 and the Li particles of population B in
effectsgg(?erally occurs for particles smaller than about 30QiH:Li belong to the R phase. This hypothesis should be

nm3’ tested by ENDOR. However, the signal-to-noise ratio of the
ENDOR response of LO:Li was too low to reveal any
structure?®

VI. DISCUSSION We must consider two possible cubic structutbsc or

The results of Secs. IV and V show that ENDOR andfcc) for Li particles of population A owing to the lack of
BCESR are much more selective than conventional ESRuadrupole interaction of their nuclear magnetic resonance.
spectroscopy, since well defined populations of metallid®espite the fact that only the bcc phase is stable at ambient
lithium particles were detected from ESR spectra havingemperature and pressure, it is tempting to assign population
only a single symmetrical line. The selectivity of BCESR is A to the fcc phase. A first reason is that fcc particles have
particularly interesting since it permits accurate measuredlready been observed by x-ray diffraction in LiF3Land
ments of magnetic parameters of metallic particles, whicihe T, values measured in this compodfidiere nearly iden-
reflect the history of the particles and the nature of the hostical with those found in this work for population A. Another
matrix. This can be checked by comparing Li particles inreason is purely geometrical. It is well known that ionizing
LiH:Li (UV irradiation) and L,O:Li (electron irradiation?®  radiations produce F cente(slectron trapped at anion va-

In both cases only a single symmetrical ESR line with thecancieg with displacement of interstitial atonf3In LiH the
same linewidth is observed, while the BCESR spectrum reinterstitial H atoms give hydrogen gas in the form of bubbles
veals the presence of two distinct populations of particlesin the crystal* Thus sufficiently large aggregates of F cen-
However, the magnetic parameters measured for the twters may be seen as a latticerdfi * ions with n electrons,
populations(Table | are clearly different in LiO:Li (Ref.  giving metallic Li precipitates. The Liions of the rock-salt

26) and LiH:Li: (i) the DNP in LpO:Li is about twice that of ~ structure of LiH and LiF occupy a fcc lattice which thus
LiH:Li; (i) the two populations of each matrix exhibit about plays the role of a template for the formation of fcc Li par-
the same DNP, and are characterized by diffeflenvalues;  ticles by electron capture from F centers. This phase should
(iii) T, values are smaller in LO:Li than in LiH:Li. These  normally transform into bce Li metal owing to the unstability
results indicate that the production of a dual population ofof fcc Li metal at ambient pressure. This is also true for the
lithium particles by irradiation seems to be a general featur@R phase, stable below 80 K. However, it is important to
(see also Refs. 7, 11, and)l®owever, their magnetic pa- note that electron capture by a'lliattice of volumeV,, gives
rameters are matrix dependent and reflect the history of th@etallic Li particles of volume/>V,. For fcc, R, and bcc
samples. The actual valueslidgf + 1)NAf being determined Li metal, the relative volume expansidV/V, in LiH (with

by the leakage factdr [see Eq(12)], the values=0.37 and AV=V—V,) is equal to 0.254, 0.275, and 0.291, respec-
f~0.2 found for LO:Li (Ref. 26 and LiH:Li, respectively, tively, so that fcc Li are the particles which experience the
indicate that the nuclear relaxation times competing with theémallest pressure by the surrounding lattice. Consequently
relaxation via conduction electrons are matrix dependenficc Li particles should be more stable than bec Li in LiH.
and that they are almost identical for the two populations of
particles in each type of matrix.

We address now the problem of the crystallographic
structure of lithium metal in each population. Metallic  Metallic lithium colloids created by UV irradiation of
lithium at ambient pressure has the body-centered-cubifithium hydride were investigated in this work as a model
(bco structure aff>72 K. A martensitic transformation be- system by combining classical ESR, ENDOR, and BCESR
low 80 K gives low temperature® phase of lithium char- spectroscopies. Compared with standard ESR of conduction
acterized by a nine-layer sequence of close-packed planegectrons, which is only sensitive to the size of the particles
(ABCBCACAB).*! Additionally the R phase becomes par- with respect to the skin depth of the metal, ENDOR and
tially face-centered-cubig¢fcc) upon heating above 80 K, BCESR are techniques of high selectivity and resolution
before reverting to the high-temperature bcc pHasaAt  which allowed us to distinguish two crystallographically dif-
room temperature the fcc phase is stable at pressures largerent phases of lithium from a single structureless ESR line.
than 6.3 GP&% Each Li atom has 8 first neighbors in the bce The following conclusions can be drawn from the present
phase and 12 first neighbors in the close-pack@dafid fcc  work:
phases. The site symmetry is cubic in the bcc and fcc phases, (i) It is now established that the deviation from the
and axial in the ® phase. Consequently, Li nuclei may ex- Lorentzian shape of the wings of the ESR line of lithium
perience an electric-field gradient only in the hcp phasemetal, often mentioned in the literature, is the manifestation
Thus it appears likely that population B belongs to tHe 9 of the coexistence of two crystallographically different
phase owing to the presence of a quadrupole structure in ifghases of the metal, as previously proposed in lithium
nuclear-magnetic-resonance spectrum. Very redamiMR fluoride®
measurements in kO:Li single crystals showed the presence (ii) ENDOR spectroscopy shows that one population of
of two NMR signals with different Knight shifts, revealing particles probably belongs to th&R&lose-packed phase, the

VII. CONCLUSION AND PROSPECT
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other population being cubic, most probably of the face-established that the life cycle of these batteries is limited by
centered-cubic type. the lack of reversibility of the Li anode related to the mor-

(iii ) At low temperature, the ESR line of conduction elec- phology of the electrodeposited lithium metalThe forma-
trons exhibits a pronounced bistable hysteresis which showtson of dendrites of about 4—mm width usually occurs at
that the electronic relaxation tim&, of lithium is much the anode-electrolyte interface. Standard ESR spectroscopy
larger than that deduced from the ESR linewidth, demon<€an hardly distinguish between electrodeposited lithium den-
strating also the inhomogeneous character of the latter. Tharites and the bulk lithium of the anode. We believe that
cubic and noncubic phases of lithium in LiH are character-BCESR and ENDOR are sufficiently sensitive, resolutive,
ized by T,~5x10 8s andT,~10 ©s, respectively. These and selective to distinguish the different types of metallic
small differences oT, are sufficient to give two distinguish- lithium deposited during the multiple cycles of the battery.
able BCESR spectra.

(iv) The two populations of particles exhibit a broad dis-
tribution of their nuclear relaxation times.

Finally, it is worth mentioning that the combination of = We are grateful to D. Simons for technical assistance.
highly selective ENDOR and BCESR spectroscopies mightaboratoire de Chimie Appligee de I'Etat Solide is a
be useful for studying the behavior of systems involving me-“Unité Associe au Center National de la Recherche Scien-
tallic lithium, such as secondary lithium batteries. It is well tifique UMR-7574-CNRS.”
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