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Reinvestigation of the magnetic behavior of 03-LiCoO,

Alla Artemenko,® Michel Ménétrier, Michaél Pollet, and Claude Delmas
ICMCB, CNRS, Université Bordeaux 1, 87 Av. du Dr. A. Schweitzer, 33608 Pessac Cedex, France

(Received 6 April 2009; accepted 19 August 2009; published online 28 September 2009)

Stoichiometric high temperature LiCoO, obtained by long annealing in oxygen was characterized by
electron spin resonance and magnetization measurements. Both methods allow identifying
unambiguously not only the presence of traces of cobalt oxides in the material but also paramagnetic
defects in lithium cobaltite itself. We report on the presence of surface Li*—O~ centers in pure
LiCoO,, which has not been observed before in this material, and on the presence of Co?* related
centers in argon- and subsequent oxygen-annealed samples. © 2009 American Institute of Physics.

[doi:10.1063/1.3226700]

I. INTRODUCTION

Most of the Li-ion batteries for mobile application are
still based on a LiCoO, positive electrode.’ The exceptional
qualities of this material have pushed it right on the market,
and this fast success explains why so many studies are still
nowadays made on this material to better understand it. In
particular, its electronic structure was studied in detail,z’3 and
intensive work was also devoted to the study of its behavior
with lithium deintercalation and improvements of its electro-
chemical properties with doping or substitution.*™®

Some of us very recently confirmed that the stoichiom-
etry of (high temperature) LiCoO, is not a straightforward
matter, suggesting that a long annealing under oxygen is re-
quired to get rid of a very small amount of excess Li that
tends to be accommodated for as Li;,,Co;_;0,_,, as soon as
the starting Li/Co ratio exceeds 1, be it very slightly. The
“really” stoichiometric compound thus obtained was shown
to contain only low spin (LS) Co’* ions, based on 'Li NMR
relaxation time and magnetization data (at 1 T).7 However,
such very stoichiometric LiCoO, was also shown to exhibit
an antiferromagnetic order below about 30 K using muon
spin relaxation experiments, this involving 10% of the vol-
ume of the compound;g’9 the reason for this magnetic behav-
ior is not fully understood yet.

In this context, this paper reports a characterization of
such stoichiometric LiCoO, using electron spin resonance
(ESR), the most sensitive technique to the presence of elec-
tron spins. ESR has already been extensively used, in par-
ticular, by Stoyanova et al. in LiCoO,-related compounds,
mostly based on the analysis of the signals due to impurity
cations (Ni**) or dopants (Fe**), from which information on
the local structure around the site of the dopant was derived
(see, for instance, Ref. 10). Having in mind that a likely
source of electron spins might possibly relate to oxygen va-
cancies and/or to minor impurity phases, we have also inves-
tigated samples that were thermally treated in Ar and then in
O,. As a complement to the ESR, we have also studied the
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magnetic behavior of these samples using a low applied
field, which should be more sensitive to the presence of mag-
netic impurity traces than the earlier ones carried out at 1 T,
the structure was investigated by x-ray diffraction (XRD)
and the microstructure using scanning electron microscopy
(SEM).

Il. EXPERIMENTAL

Stoichiometric high temperature LiCoO, was prepared
according to Ref. 7: The Co;0, precursor was prepared by
thermal decomposition of Co(NO;3),—6H,0 (Sigma-Aldrich
ACS reagent, containing less than 10 mg/kg of Fe, Ni, or Cu
and less than 20 mg/kg of Mn); it was reacted under oxygen
flow with Li,CO5; (Alpha Aesar) mixed in stoichiometric
amounts, first for 12 h at 600 °C, then, after regrinding at
900 °C for 15 days. This sample will be hereafter named “as
synthesized.”

This LiCoO, sample was annealed under Ar at 900 °C
for 24 h, and fast cooled in the Ar stream yielding the “Ar-
annealed” LiCoO, sample.

The Ar-annealed compound was in turn annealed under
oxygen at 900 °C for 0.5, 5, and 12 h and fast cooled in the
oxygen stream, yielding three “O,-annealed” LiCoO,
samples. Note that, although this is not indicated in their
denomination, these samples have also undergone an Ar an-
nealing prior to the O, annealing.

XRD patterns were recorded with a PANalytical X Pert
Pro powder diffractometer in the Bragg—Brentano geometry,
using cobalt K« radiation. Data collection was made in the
10°-120° 260 range with a 0.0167° step, using an X’ Celerator
detector [linear position sensitive detector (PSD) covering
2.122 mm]. Variable temperature XRD patterns were col-
lected using a PANalytical X’pert MPD diffractometer with
theta-theta Bragg—Brentano geometry, using the copper K«
radiation. An Oxford Instruments He cryostat was used to
cool the copper block to which the sample holder is attached
(RT to 6 K), in a 10”7 mbar chamber.

SEM pictures were recorded with a Hitachi S4500 field
emission microscope.

The magnetization of each sample, initial and after an-
nealing, was measured using a Quantum Design magnetic
property measurement system within a range from 5 to 320

© 2009 American Institute of Physics
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TABLE I. Cell parameters’ evolution of as-synthesized LiCoO, in the range
20-293 K (space group R3m) [profile matching using FULLPROF (Ref. 11)].

Temperature A C
(K) (A) (A)
20 2.8115(1) 14.0164(8)
45 2.8117(6) 14.018(4)
80 2.8119(6) 14.020(4)
293 2.8149(6) 14.048(5)

K both in field-cooled (FC) and zero-field-cooled (ZFC) re-
gimes using an applied field of 1000 G (0.1 T). In addition,
measurements versus magnetic field were carried out at sev-
eral temperatures from 5 to 250 K.

ESR measurements were performed at 9.45 GHz with a
Bruker spectrometer in the temperature range 4-300 K using
an Oxford Instruments ESR 9 He cryostat. To perform both
quantitative and qualitative analyses the same amount (0.05
g) of powder of LiCoO, samples has been used in the cavity
for ESR experiments, while ten times less amount was used
in the case of Co;0;,.

lll. EXPERIMENTAL RESULTS
A. XRD

All the samples exhibit the XRD pattern of O3-LiCoO,
(R-3m space group) with no detectable impurity. XRD mea-
surements were also performed for the as-synthesized
LiCoO, in the temperature range 20-293 K, i.e., at tempera-
tures where a magnetic phenomenon had been observed by
muon SR,*’ and only an increase in the cell parameters with
temperature was observed (Table I).

B. SEM

SEM results obtained for the as-synthesized LiCoO, are
shown in Fig. 1. The larger magnification picture shows
grains exhibiting steps at their borders, in good agreement
with surface energy calculations.'” In addition, some well
separated nanosized particles (with dimensions ranging from
5 to 50 nm) are concentrated nearby coarse surfaces such as
uneven grain surface or along the edges of the steps. The
surface density of these nanosized particles determined from
Fig. 1 is close to 0.1%; considering both their distribution
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FIG. 2. (Color online) Molar magnetization data vs temperature in FC and
ZFC regimes using an applied field of 1000 G for the as-synthesized (O),
Ar-annealed (A), and 12 h O,-annealed (V) samples. Data measured in the
same condition for Co;0, (<) (this work) and data for CoO (7<) taken
from Ref. 13 are also shown; both sets are scaled to match the figure. The
vertical lines point the antiferromagnetic-paramagnetic transition tempera-
ture for Co;0, and CoO.

(only on the surface of the LiCoO, particles) and the appar-
ent volume of the LiCoO, particles, their volume density can
be estimated less than 0.1%.

C. Magnetization results

The magnetization data of the as-synthesized sample and
after annealing in Ar and O, are shown in Fig. 2. All samples
exhibit a low positive signal at RT. It (slightly) increases
with decreasing temperature up to an inflection point (as-
synthesized sample) or a maximum (annealed samples)
nearby 30 K. In addition, a small upturn is visible in ZFC
curves below 15 K. The ZFC and FC curves separate around
40 K for the as-synthesized sample while the separation oc-
curs at ~40 and 290 K for the annealed samples. The high
temperature separation is clearer in the case of the
O,-annealed samples.

Measurements versus magnetic field carried out at 5 K
for the as-synthesized sample, the argon-annealed and the
argon—then 5 and 12 h oxygen-annealed samples—are
shown in Fig. 3. The as-synthesized and argon-annealed
samples display a quite similar and nearly linear behavior of
the magnetization versus the magnetic field, and only sub-

st k‘\‘/\ﬂ/}a B‘éKXf’é[-'g-»“

FIG. 1. SEM data for the as-synthesized sample.
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FIG. 3. (Color online) Molar magnetization data vs magnetic field at 5 K for
the as-synthesized (O), Ar-annealed (A), 5 h O,-annealed (<), and 12 h
O,-annealed (V) samples. Inset: same data with the linear contribution sub-
tracted (ny: amount of product used for the analysis assuming a zero impu-
rity rate).

tracting the linear contribution allows seeing a tiny nonlinear
behavior. On the other hand, the oxygen-annealed samples
have a pronounced hysteretic behavior.

The inset in Fig. 4 shows for the argon then 5 h oxygen-
annealed sample some of the magnetization data recorded
versus the magnetic field at several temperatures (linear con-
tribution subtracted). The hysteretic behavior is visible up to
nearly 75 K and then completely vanishes. These data are
plotted versus temperature in Fig. 4 for several magnetic
fields evidencing the disappearance of the nonlinear regime
around 75 K.

D. ESR of LiCoO,
1. As-synthesized and argon-annealed samples

Figure 5 shows ESR spectra recorded at 4.2 K for the
as-synthesized LiCoO, sample and after annealing in argon.
Similar spectra are observed for both samples at 4.2 K
and their temperature evolution is almost the same (see fur-
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FIG. 4. (Color online) Sample residual magnetization vs temperature deter-
mined from the M(H) curves at several magnetic fields for the 5 h oxygen-
annealed sample (V: 1, A: 2, O: 3, and [J: 4 T). Inset: some of the mag-
netization data vs magnetic field (linear contribution subtracted) for the
same sample at several temperature ((J: 35, O: 45, A: 55, V: 60, <: 75, and
<1: 100 K).
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FIG. 5. ESR spectra recorded at 4.2 K for (a) as-synthesized LiCoO, and (b)
Ar-annealed sample.

ther). The most intense ESR lines have g-factors g=27.1, g
=2.16, g=2.14, g=2.005, and g=1.907. After annealing in
Ar, only the lines with g-factors 2.16 and 2.14 change sig-
nificantly with intensity approximately multiplied by 3. All
lines marked in Fig. 5, with the exception of the one at g
=2.16, are observed up to room temperature (RT) with
changes described below.

Above 120 K the position of the lines with g-factors g
=27.1, g=2.005, and g=1.907 changes: (i) The distance be-
tween the two furthest lines begins to decrease and at RT the
corresponding g-factors are 19.58 and 1.924; i.e., the shift is
about 130 G. (ii) The line at g=2.005 slightly shifts upward
to g=2.01 at RT (~15 G). Moreover, with increasing tem-
perature the line width trend for these resonances changes
from increasing below 38 K to nearly constant up to 90 K
and finally increasing again up to RT by a factor ~1.5-2.
The behavior of the g=2.14 line is slightly different with a
small increase in the line width up to 20 K then a plateau up
to 90 K and finally decreases up to RT.

A closer look in Fig. 5 at the g=2.14 line evidences a
doublet at 4.2 K. Additional experiments performed in the
narrow magnetic field region 3000-3300 G allowed separat-
ing the lines. An example of separation of the lines in the
spectrum recorded at 4.2 K for the as-synthesized sample is
shown in Fig. 6, evidencing a perfect agreement between
experimental data and the simulation with five lines.

A similar treatment was carried out up to 20 K (not
shown) when the g=2.16 line disappears and the ESR spec-
trum becomes symmetric. The first observation is that five
components (dashed lines 1-5 in Fig. 6) are required to re-
produce the experimental sets. A second one is the complex-
ity of the line at g=2.16, which can actually be described as
the sum of four lines (as depicted with line 6 in Fig. 6).
These four lines exhibit the same temperature dependence,
decreasing identically up to disappearance at 20 K. The fast
disappearance of this set of lines together with its very low
and narrow existence range in temperature allows assuming
that it should originate either from (i) a paramagnetic defect
with a very short relaxation time or (ii) a center localized
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FIG. 6. (Color online) Experimental data at 4.2 K for as-synthesized
LiCoO, (black solid line) and results of the decomposition (black dotted
lines 1-4 and blue dotted-dashed line 5); dashed line 6—sum of lines 1-4.

nearby the surface of the sample and having a low activation
energy or (iii) a center with a very shallow level in the band
gap of lithium cobaltite.

Furthermore, the fact that the g-value of this set is larger
than the free electron one but anyway quite close suggests an
origin in a hole-center type.

It is known that the integral intensities of the ESR lines
originating from the same paramagnetic defect display iden-
tical behavior versus temperature.14 The temperature depen-
dence of the integral intensities of the most intense ESR lines
for the as-synthesized LiCoO, sample is depicted in Fig. 7.
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FIG. 7. Integral intensities’ temperature dependence of the ESR spectra
observed for as-synthesized LiCoO,: (a) g=27.1, (b) g=1.907, (c) g
=2.005 (top), (d) g=2.16, and (e) g=2.14 (bottom). The inset in the top
figure shows, for the 5 h oxygen-annealed sample, the susceptibility ex-
tracted from the linear part of the M(H) curves at several temperatures
minus the second order contribution of the Co** cation in LiCoO,.
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FIG. 8. LiCoO, after annealing in O,: (a) 0.5, (b) 5, and (c) 12 h.

Three different paramagnetic centers are evidenced: (i)
one leading to the three lines at g=27.1, g=2.005, and g
=1.907; (ii) a second one at g=2.16; and (iii) a last one at
g=2.14. The ESR lines of smaller intensity in the magnetic
field region 200-2900 G roughly follow the integral intensity
temperature dependence observed for the line at g=2.14.
(The inset in Fig. 7 is discussed in Sec. IV).

2. Argon- then oxygen-annealed samples

ESR spectra at 4.2 K for the oxygen-annealed samples
are shown in Fig. 8. Additional resonances appear in these
spectra while the intensity of all ESR lines previously de-
scribed is decreased: For the lines with g-factors 2.16 and
2.14, the intensity is divided by more than 10; for the re-
maining lines, the intensity is only divided by 1.5; small
intensity resonances previously observed in the magnetic
field region 900-2900 G are smeared out.

These additional resonances clearly appear in the mag-
netic field region 500-2400 G at approximately g=6.24 and
g=3.25. The existence of eight hyperfine lines in this spec-
trum allows identifying it unambiguously as originating from
cobalt ion (*°Co), which has a nuclear spin 7/2 of 100%
natural abundance. Moreover, the presence of several of
these hyperfine octets signs a symmetry lower than O,,. Fur-
thermore, the appearance of these additional resonances only
after the second annealing in oxygen (this signal is not
present for the as-synthesized nor for the simply argon-
annealed sample) indicates an oxygen related center. It can
be noticed that increasing the oxygen annealing time leads to
a decrease in the ESR intensity of this spectrum, which sug-
gests a center located near the surface. Besides, its integral
intensity decreases with the measurement temperature for all
samples and completely vanishes above 50 K (not shown).

The RT spectra of these oxygen-annealed samples are
very similar to the one described for the previous samples;
only two broad lines appear, one in low magnetic field region
(g=4.35) with line width ~1500 G and a second one in
higher magnetic field at g=2.24 and line width ~900 G.

Downloaded 06 Oct 2009 to 147.210.61.193. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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FIG. 9. (Color online) ESR spectra of Co;0, recorded at several tempera-
tures. From top to bottom: (a) 4.2 K, (b) 25 K, (c) 45 K, and (d) RT. (The
numbers in parentheses following the spectra labels are scale factors.)

3. Co;0,

Additional ESR studies of powder Co;0, sample (the
starting material used for preparing the LiCoO, samples)
have been performed to separate between the signals origi-
nating from lithium cobaltite and unreacted precursors, if
any. The spectrum recorded on Co;0, powder sample at 4 K
is shown in Fig. 9; the signal being quite strong, only 0.01 g
of powder has been used.

The spectrum is very close to the one observed for the
as-synthesized and Ar-annealed LiCoO, samples but the
lines are more intense and broader. In addition a broad line in
the magnetic field region 2000-5000 G prevents any further
line separation in this region even though some resonances
can be observed. Above 35 K, an even broader and more
intense line (>4000 G) at g=2.24 appears; it broadens and
decreases in intensity with temperature increasing. It covers
all other lines except one in low magnetic field at g=26.9.
This last resonance is not anymore visible at RT both be-
cause of its shift to high magnetic field and because of the
broadening of the most intense lines and their overlap.

IV. DISCUSSION

The structure of stoichiometric high temperature LiCoO,
(Ref. 15) is of rocksalt type with an ordering of the lithium
and cobalt ions in the [111] direction leading to alternate
planes of lithium and cobalt atoms. This ordering leads to a
trigonal distortion of the oxygen octahedron surrounding the
cobalt, which is compressed and leaves Co** in a D5, sym-
metry; conversely, the LiOg octahedron is elongated. Theo-
retical calculations have shown that the Co** ion with its 6d
electrons is the most favorable case for stabilizing a LS state
(S=0) in this oxygen surrounding.'® This is confirmed ex-
perimentally since most of Co** complexes contain no un-
paired electron spins and are diamagnetic. Very few ex-
amples are available in literature showing unambiguously the
existence for this ion of higher spin states; this situation is
always related to highly distorted environments.'™'® The
ground state configuration of Co®* is a low lying orbital trip-
let tggeéo or, accounting for the distortion that further splits
the triplet in a low lying doublet, and an upper singlet

J. Appl. Phys. 106, 064914 (2009)
ega%geéo.lg’m With such a ground state, the th, shell is com-
pletely filled and only a slight temperature dependent para-
magnetism is expected. Note, however, that the orbital mo-
ment might only partly be quenched and that it can still play
a significant role in the magnetic properties at (very) low
temperature. Over all, it remains that, for a “pure” stoichio-
metric LiCoO,, no intrinsic paramagnetic defects related to
Co** ions are expected. This is obviously in contradiction
with the results of the present study, which clearly show both
with magnetic and EPR measurements that some paramag-
netic centers are present in the samples (Figs. 2-8).

A qualitative analysis of the EPR results shown in Fig. 5
(as-synthesized and Ar-annealed samples), Fig. 8 (Ar then
O,-annealed samples), and Fig. 9 (Co;0,) shows that a num-
ber of the main resonance lines in our materials are identical
to the ones of Co;0,. In addition, the integral intensities’
temperature dependence of these lines is very similar to the
one obtained from magnetic measurements [Fig. 2; inset of
Fig. 7 (top)]. Since the integral intensity is proportional to
the static magnetic susceptibility of the ions responsible for
the signal,14 this evidences their unique origin. As shown in
Fig. 2, the anomalies in the magnetization curves around 40
and 290 K are characteristic of the antiferromagnetic order-
ing in the cobalt oxides Co;0,4 and C00."* This indicates that
all the samples, including the most carefully prepared one (as
synthesized), contain cobalt oxides as secondary/impurity
phases. The additional annealing treatments only enhance
their signal, and we ascribe this to the partial decomposition
of the sample into cobalt oxides. Keeping in mind that
Co0;0, has a normal spinel structure where Co** ions are in
tetrahedral coordination and Co* ions are in octahedral co-
ordination with, respectively, S=3/2 and S =0, it appears
obvious that the spectra observed in Fig. 9 and the corre-
sponding lines in Figs. 5, 7, and 8 originate from Co?* in
tetrahedral symmetry. It should be noticed that in spite of
careful experiments and analysis, no trace of these cobalt
oxides could be observed using XRD, and that only EPR
experiments and magnetization measurements could reveal
their presence. This points out that laboratory’s XRDs are not
sufficiently accurate to discard the presence of impurities in
such low amount, even though their concentration is suffi-
cient to determine the magnetic behavior of the samples. The
amount of impurities in the as-synthesized sample has been
estimated from the temperature variation of the magnetiza-
tion data, assuming the only presence of Co;0, and a tem-
perature independent paramagnetism (TIP) term for LiCoO,
due to LS state Co™:Co0;0,:LiC0o0,=0.062% (molar ratio)
and TIP=153X10"° emu/mole. The Co;0, amount esti-
mated from this assumption is in line with the SEM obser-
vation (Fig. 1). The TIP is due to a second order Zeeman
contribution related to the splitting of the d orbitals by the
crystal field. For an 'A, ¢ ground state, and assuming an oc-
tahedral symmetry for the cobalt (the D, distortion is ne-
glected in a first approximation), the TIP is given by
8NB2/10Dg,” leading to a e, splitting of 1.7 eV for
LiCo0,, in good agreement with our optical spectra (not
shown), and with the insulating behavior of LiCoO,. A simi-
lar treatment (including CoO in the calculation) for the an-
nealed samples keeps the TIP unchanged while the total
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amount of cobalt oxides increases from 0.12% (0.11%
Co050,) in the argon-annealed sample to nearly 0.5% (0.3%
Co30,4) and 1% (0.2% Co30,) in the 5 and 12 h oxygen-
annealed samples, respectively. The small decrease in the
Co30, amount with the annealing time in oxygen is also
visible from ESR measurements (Fig. 8) with the slight de-
crease in the integral intensity of the lines attributed to
Co304.

Even though the resonance lines observed for Co;0, are
also found in LiCoO, spectra, all the line widths in the
lithium cobaltite are narrower than the ones of the cobalt
oxide; in both cases anyway, the broadening makes it impos-
sible to resolve the hyperfine structure of Co nuclei in
Co30,. Several reasons (nonexclusive) can be proposed for
this broadening: (i) The samples are powders and the signal
is averaged over all the orientations; (ii) the centers are
highly concentrated in the structure (one Co** per f.u.); (iii)
the spin-spin exchange interaction between neighbors; and
(iv) the dipolar interactions with neighboring electronic and
nuclear spins can be large since high fields are expected in
such structure (the magnetic field produced by an electron at
a distance of 4 A is approximately 600 G; in addition, in
materials containing transition metals, it is possible to have
an on-site magnetic field variation as high as 1000 G
throughout the crystal). The narrowing of the lines in the
case of Co;0,4 observed in LiCoO, might be due to the mi-
crostructure: The cobalt oxide particles are nanosized and are
well separated as shown in SEM pictures (Fig. 1). This de-
creases the effects previously cited (i-iv). Moreover, the par-
ticles’ size is 5-50 nm, and one can expect a significant
contribution to the ESR and magnetization of the centers
nearby the surface. Note that in the nanosize case, the con-
tribution of the surface centers can be of the same order of
magnitude than the bulk’s ones like it was shown for ferro-
electric nanomaterials.** In ESR spectra this contribution can
either lead to (i) a line broadening, (ii) lines’ asymmetry, and
(iii) the appearance of an additional spectrum due to uncom-
pensated spins or lowering in symmetry at the surface of the
nanopar’ticles.25 It should be noticed that the upturn in mag-
netization data at low temperature also seems to be charac-
teristic of nanometric Co3;0y; it has been attributed to the
coexistence of frustrated shell spins and antiferromagnetic
core spins.22’26 One can notice that a hysteretic behavior was
observed in Cos0, nanoparticles”f29
uncompensated surface spins; however, contrary to our re-
sults (Figs 3 and 4), this behavior was vanishing above the
Néel tf:rllpe:rature:.27’29

The annealing in oxygen following the Ar annealing
leads to the appearance of an additional spectrum (Fig. 8).
The strong features in the magnetic field region 500-2400 G
correspond to the hyperfine structure associated with high-
spin Co** in a distorted octahedron; details of this assign-
ment are discussed elsewhere.” In the general case, such
spectrum can be simulated assuming a simple axial distortion
and using the following Hamiltonian:"*

and was attributed to

J. Appl. Phys. 106, 064914 (2009)

H= gH:BHzgz + gLIB(HxEx + Hygy) + AngIz
+A (S +8,1),

where [ is the Bohr magneton, g is the electron gyromag-
netic factor (in the case of Co?* we have considered the
effective g tensor, consisting from electron spin and the con-

tribution from orbital moment), S is effective electron spin
for lowest doublet describing two-level system, [ is the
nuclear spin, and A is the hyperfine interaction tensor. Using

an effective electron spin S=1/2 and nuclear spin /=7/2, the
adjusted parameters are g,=6.376(2), 10%4,|=232(4) cm™,
g, =3.268(2), and 10*|A ||=25(2) cm™!. Note that the aver-
age value of g=4.304 is close to the one predicted by crystal
field theory for the Co®* ion in octahedral crystalline field.
The fact that the hyperfine structure is present on either sides
of the antiferromagnetic ordering of Co;0, discards an ori-
gin of the signal in cobalt from the Co;04 secondary phase.
Indeed, above T, the Cos0, particles’ core centers are in a
paramagnetic state and they should strongly interact with the
shell centers and broaden the lines, making impossible to
resolve the hyperfine structures; however, they are still vis-
ible up to at least 50 K and only a decreasing in their inten-
sity was observed. The magnetic data also discard an origin
in Co30,4: The magnetic hysteresis associated with these ad-
ditional resonances is visible up to nearly 75 K, a tempera-
ture much higher than the Neel temperature of Co;0, that
can moreover be lowered in the case of nanoparticles;26 this
hysteresis denotes a long range ordering with a parallel cou-
pling of the spins and either a ferro- or ferrimagnetic behav-
ior and even though a hysteretic behavior has already been
observed in nano—Co304,27’28 it was disappearing above TN.29
Furthermore, the fact that these additional resonances’ inten-
sity is decreasing with the annealing time while, as shown
from magnetization data, the CoO content is increasing dis-
cards also an origin of the signal of cobalt from the CoO
secondary phase. The hysteretic behavior observed for the
0,-annealed samples, as well as the main Co®>* ESR signal
(Fig. 8), might therefore be due to defects related to LiCoO,.
We ascribe this spectrum to the creation of Co?* surface
centers in LiCoO,: The as-synthesized sample has undergone
a long thermal treatment (15 days), and the number of de-
faults at the surface of the sample should be minimized; the
argon annealing was also quite long (1 day) and one can still
expect for a homogenous sample; on the other hand, the
annealing in oxygen was shorter and was ranging from only
30 min to 12 h, which seems favorable to the appearance of
a perturbed shell; this assumption is further reinforced with
the observation, with increasing annealing time, of the de-
creasing of the ESR lines’ intensity (Fig. 8) and of the mag-
netization (Fig. 3).

The line at g=2.14 exhibits the same 7-dependence of
the integral intensity as the small intensity lines in the mag-
netic field region 2002900 G evidencing a common origin
for these resonances. These latter lines are also visible in
Co30, powder (Fig. 9), at the same position but with an
enhanced intensity; thus the line at g=2.14 can be attributed
to paramagnetic defects in Co30;,.

The line at g=2.16 was not reported yet in LiCoO, (as-
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synthesized and annealed samples). Its existence both at very
low temperature and in a narrow temperature range is due to
a short relaxation time. The four lines used to separate the
spectrum (equidistant lines 1-4 in Fig. 6) have fixed posi-
tions and all decrease in intensity when the temperature in-
creases. This indicates that these lines result from a hyperfine
interaction (10*X |A;,| ~23 cm™') with an associated para-
magnetic defect of nuclear spin /=3/2, and two ions can
here be considered: lithium and nickel (as classical impurity
of cobalt). 'Li isotope has a 92.5% natural abundance, a
nuclear spin /=3/2, and a nuclear g-factor gy=2.17; °Li
isotope has a 7.5% natural abundance, a nuclear spin /=1,
and a nuclear g-factor gy=0.82. °'Ni isotope has only 1.13%
natural abundance, a nuclear spin /=3/2, and a nuclear
g-factor gy=-0.5; on the other hand, the remaining nickel
stable isotopes have /=0 nuclear spin that would lead to an
intense line associated with the hyperfine quartet. Such a line
is not observed, discarding the nickel origin of the quartet as
expected from the purity of the Co source used for preparing
the compounds. The observed resonance thus originates from
lithium with defect in its nearest neighborhood. Furthermore,
this ESR has a large magnitude while the characteristic mag-
netic signatures of the cobalt oxides, in particular, the tran-
sition temperatures, are unperturbed; this discards an origin
in some possible lithium impurities in the traces of cobalt
oxides and implies that this resonance originates from
LiCoO, itself. Indeed, if the former were to contain signifi-
cant amounts of Li, as would be implied by the magnitude of
the EPR signal, their magnetic signature would significantly
differ from those of Co;0, and/or CoO. We suggest a para-
magnetic center of Li*—O~. The O~ related centers were
studied in some perovskites,31 and calculations have shown
that they are preferably localized near the surface. Here also,
the Li*—O~ paramagnetic centers are more likely to be local-
ized near the surface since all the lines related to this center
resonances are broader than those expected from bulk’s cen-
ters. The broadening of the EPR lines is due to the distribu-
tion of the resonance fields because of the numerous vibronic
states nearby surface. The decreasing magnitude of this line
with the O, annealing further strengthens these assumptions
of an oxygen related center and a surface localization; the
nonlinearity of the integral intensity depending on the an-
nealing time can be due to the competition between several
processes occurring simultaneously in the samples, for ex-
ample, electron trapping at oxygen ion (Li*—O7/Li*-0%*"
creation) and decomposition of LiCoO,.

V. CONCLUSIONS

Several methods have been used to characterize the mag-
netic behavior of stoichiometric LiCoO,. A combined analy-
sis of the data in a wide range of temperature allows straight-
ening out several important points: (i) The pure
stoichiometric LiCoO, displays a purely TIP with no evi-
dence for any kind of ordering; (ii) neither oxygen vacancies
nor Co** associated centers were observed and they appear
unlikely in the stoichiometric compound; (iii) in spite of high
care in the sample preparation, traces of secondary phases
look unavoidable; (iv) some nanosized particles at the sur-
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face of the sample were identified as cobalt oxides based that
cause the main contribution to the magnetic properties and
the ESR signature of the LiCoO, material at low tempera-
ture; we did not observe any intrinsic magnetic ordering in
the LiCoO, phase like the one hypothesized by Sugiyama
based on muon SR; (v) surface Lit*—O~ centers described in
this article were not reported yet in this material; (vi) LiCoO,
is unstable above 800 °C in argon and decomposes with
Li,O volatilization and further in oxygen if its surface is
altered; (vii) the two step annealing (Ar then O,) also favors
the appearance of Co** surface defects as evidenced with the
presence of an additional spectrum and a residual magneti-
zation.

VI. ADDENDUM

During the revision procedure of this paper, an article on
Fe-doped LiCoO, has been published by Stoyanova et al*?
In this paper, the authors observe an EPR spectrum at 9.2
GHz [Fig. 1(a)] very close to the one observed in our work.
They assigned these resonances to Fe** dopant and reso-
nance at g=2.14 to Ni** impurity in LiCoO,. As discussed in
our paper, we ascribe the observed spectrum to the presence
of cobalt oxides in the lithium cobaltite samples as a second-
ary phase based on EPR temperature dependence and mag-
netization measurements, performed on LiCoO, and cobalt
oxide.
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