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Lithium cobalt dioxide (LiCoO,) belongs to a family of layered CoO,-based materials and has considerable
interests in both fundamental physics and technological applications in lithium-ion batteries. We report the
results of structural, electrochemical, magnetic susceptibility () ), electron paramagnetic resonance (EPR), and
muon-spin rotation and relaxation («SR) measurements on powder Li, (CoO, samples, where the nominal Li/Co
ratios (xp) were 0.95, 1.00, 1.02, 1.05, and 1.10, respectively. Structural, electrochemical, and x measurements
suggested that the sample with xo = 1.02 is very close to single stoichiometric LiCoO, (ST-LCO) phase and that
the Co ions in the xo = 1.02 sample are in a nonmagnetic low-spin state with § = 0 (tfg). However, both EPR
and uSR revealed that the xo = 1.02 (ST-LCO) sample includes a large amount of nonordered magnetic phase in
the temperature (7") range between 100 and 500 K. The volume fraction of such magnetic phase was found to be
~45 vol% at 300 K by SR, indicating an intrinsic bulk feature for ST-LCO. In fact, structural and photoelectron
spectroscopic analyses clearly excluded the possibility that the nonordered magnetism is caused by impurities,
defects, or surfaces. Because EPR and pSR sense static and dynamic nature of local magnetic environments,
we concluded that Co spins in ST-LCO are fluctuating in the EPR and SR time-windows. We also proposed
possible origins of such nonordered magnetism, that is, a spin-state transition and charge disproportionation.
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I. INTRODUCTION

Lithium cobalt dioxide LiCoO, (LCO) is still at the
forefront of the positive electrode materials for lithium-
ion batteries (LIBs) [1], despite strenuous efforts to find
alternative materials. Stoichiometric (ST-)LCO possesses a
layered structure with space group of R3m, in which the
Li* and Co** ions occupy the octahedral 3b and 3a sites,
respectively, in a cubic close-packed array of 0%~ ions. When
the Li™ ions are extracted from ST-LCO, the crystal structure of
Li;_,Co0; is known to change with y at ambient temperature
(T) [2]. As y increases from ~0.44, the thombohedral (R3m)
phase transforms into a monoclinic (C2/m) phase, and then
the R3m phase appears again above ~0.5 [2]. Since these
structural transformations with y cause particle fracture and
degrade the cyclability of LIB, a lithium over-ST (OST-)LCO,
for which the nominal Li/Co ratio (x) is larger than ~1.05, is
currently used in commercial LIBs to suppress such structural
transformations [3,4].

A chemical formula of (Li)s[LisCo; %Y Cost 15,0, 5
has been proposed for OST-LCO on the basis of magnetic
susceptibility () ) and 7Li-nuclear magnetic resonance (NMR)
measurements, where the LS and IS represent a low spin (LS)
state with § = 0 (té’g) and an intermediate spin (IS) state

with § =1 (tzsgeé), respectively, and § is the amount of Li*
ions at the 3a (Co) site [5,6]. Here xo = (1 + §)/(1 — §) if
we ignore evaporation of the Li atoms during the synthesis
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at high temperatures. Since the Co®* ions in ST-LCO are
reported to be in the LS state with S = 0 (tfg), according to
the x [7] and 7Li-NMR [8,9] results, the magnetism of LCO
would vary with xy. Indeed, x measurements below 150 K
indicated that the effective magnetic moment (u ) per Co
ion increases with xy [10]. However, the magnetic nature of
LCO is still not fully understood, as discussed by Chernova
et al. [11]. Specifically, muon-spin rotation and relaxation
(uSR) experiments on ST-LCO indicated the appearance of an
oscillatory signal with ~10 vol% below ~30 K, owing to the
formation of antiferromagnetic (AF) order [12,13]. Ménétrier
et al. [14] and Artemenko et al. [15] also showed that even
a very ST (VST-)LCO, which is prepared by using a high-
purity Co3;04 compound, exhibits a Curie-Weiss paramagnetic
(PM) behavior due to localized magnetic moments below
~30K, as revealed by electron paramagnetic resonance (EPR)
measurements. Artemenko et al. [15] proposed, however, that
a PM center consisting of Lit-O~ at grain boundaries and/or
surfaces is the origin of these localized magnetic moments. For
OST-LCO, Hertz et al. [10] reported that the excess lithium
ions in the 3a (Co) site produce the Co** ions with a high spin
(HS) state with § = 5/2 (tggeg).

Magnetic properties are generally sensitive to structural
defects, oxygen deficiencies, and impurities in a sample
as compared with a conventional x-ray diffraction (XRD)
technique. Magnetic information, therefore, often plays a
crucial role in understanding the complex structural nature
of LIB materials, leading to insights into how to improve LIB
performance. From the viewpoint of condensed matter physics,
magnetism of LIB materials is a subject of considerable
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interest because the electrochemical delithiation/lithiation
reaction provides unusual oxidation states and electronic
configurations of transition metal ions. In the case of LCO,
the Co ions form a two-dimensional triangular lattice by
connection of edge-sharing CoOg octahedra, resulting in an
additional contribution from geometrical frustration to the
magnetic nature. To shed more light on the magnetic properties
of LCO, here we report the results of systematic x, EPR, and
uSR measurements of LCO. Note that the three techniques
cover a wide range of time windows. Furthermore, the samples
were prepared by a conventional solid-state reaction technique
with x( ranging between 0.50 and 1.10 to clarify the effects
of lithium poor and over stoichiometry on the magnetism.
Since the representation Li(LisCo;_5)O,_s can be used only
for ST- and OST-LCO, we hereafter use the x( value to describe
the present LCO samples. As a result, besides the AF order
below 30 K, we have found the presence of spin fluctuations
in ST-LCO at temperatures between 100 and 500 K and
confirmed that such spin fluctuations are not due to impurities
but due to an intrinsic nature of ST-LCO. In this paper, we first
describe the sample characterization in the Sec. III and then
discuss the results of magnetic measurements in the Sec. I'V.

II. EXPERIMENTAL

Powder samples of LCO were prepared by a solid-state
reaction technique, as reported previously [4,13]. Co3O4
powder was first synthesized by heating CoO powder (99.7%,
Kojyundo Chemical Lab. Co. Ltd.) at 1023 K for 12 h in
air. Then, a reaction mixture of Li;CO3 (99%, Wako Pure
Chemical Industries, Ltd.) and Co304 was well mixed with a
pestle and mortar and pressed into a pellet 23 mm in diameter
and ~5 mm in thickness. The x( value (= Li/Co) of the mixture
was 0.50, 0.75, 0.85, 0.90, 0.95, 1.00, 1.02, 1.05, or 1.10. The
pellets were heated at 1173 K for 12 h in air and cooled down
to ambient temperature at a rate of 5 K-min~!. The obtained
powders were characterized by powder XRD measurements
with Fe-Ka radiation (D8 ADVANCE, Bruker AXS, Inc.)
and scanning electron microscopy (SEM, S-3600N, Hitachi
High-Technologies Co. Ltd.) analyses. An x-ray photoelectron
spectroscopy (XPS, Quantera SXM, ULVAC-PH]I, Inc.) anal-
ysis was conducted using monochromatic Al-Ko radiation.
From now on, the xo = nnn sample is called LCO(xy =
nnn) to avoid confusion between nominal composition and
real composition in the sample.

The electrochemical reactivity of LCO(0.95 < xy < 1.10)s
was examined in a nonaqueous lithium cell. Polyvinylidene
fluoride (PVdF) dissolved in an N-methyl-2-pyrrolidone so-
lution was used as a binder when preparing the electrode.
The resulting black viscous slurry, consisting of 88 wt% LCO
powder, 6 wt% acetylene black (AB), and 6 wt% PVdF,
was cast on an aluminum foil with a blade. The electrode
(p = 16 mm) was dried under vacuum at 393 K for 12 h.
A lithium metal sheet pressed on a stainless steel plate (¢ =
19 mm) was used as a counter electrode. Two sheets of a
porous polyethylene membrane (TonenGeneral Sekiyu K. K.)
were used as the separator. The electrolyte was 1 M LiPFg
dissolved in an ethylene carbonate (EC)/dimethyl carbonate
(DEC) (EC/DEC = 1/1 by volume ratio) solution (Kishida
Chemical Co. Ltd.). The charge and discharge cycle test was
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performed in the voltage range between 3 and 4.2 V with a
current density of 0.25 mA-cm~2 at 298 K.

Magnetic susceptibility (x) was measured using a su-
perconducting quantum interference device (SQUID) mag-
netometer (MPMS, Quantum Design, Inc.) in the 7 range
between 5 and 400 K with a magnetic field (H) of 10 kOe.
The sample was packed between two sheets of aluminum
foil and then attached to the sample rod with copper wire.
X-band (9.6 GHz) EPR spectra were recorded by an ESP300E
spectrometer (Bruker BioSpin K. K.) in the T range between
100 and 400 K with a microwave field (H;) of 1 Oe and
a microwave power of 3.2 mW. For LCO(xy = 1.02), the
EPR spectra were also measured at 300 K in the H; range
between 1 and 30 Oe to obtain a spin—lattice relaxation time
T and a spin—spin relaxation time 75. Furthermore, X-band
pulsed EPR measurements were conducted for LCO(xg =
1.02) by an Elexsys E580 spectrometer (Bruker BioSpin K.
K.). The gyromagnetic (g) factor of Co ions was determined
with respect to a MnO/MgO standard.

Muon-spin rotation and relaxation (uSR) spectra were
recorded in the T range between 2 and 300 K using the Gen-
eral Purpose Surface-muon Spectrometer (GPS) at the Paul
Scherrer Institut (PSI) in Switzerland and in the T range
between 150 and 500 K on the muon spectrometer (EMU)
at ISIS of Rutherford Appleton Laboratory (RAL) in the
United Kingdom and on ARGUS at the RIKEN-RAL Muon
Facility at RAL. Muon is an elementary particle with spin 1/2
and a gyromagnetic ratio y, /27 = 13.554 kHz/Oe. When
~100% spin-polarized muons are injected into a sample, the
muon-spin precesses due to the local internal magnetic field
(Hjyy) at the muon site. The muon decays with a mean lifetime
of 2.2 us into a positron, which is preferentially emitted along
the muon-spin direction, and two neutrinos. By collecting the
positrons as a function of time (¢), one can construct the ¢
dependence of the muon-spin polarization [ Ay P(¢)], where Ay
is the initial asymmetry and P(¢) is the polarization function
[16]. If there are multiple muon sites with different Hiys,
the Ao P(¢) function is given by a sum of the different spin
polarization functions; that is, Ao P(¢#) = £ A;P;(t). When such
multiple muon sites are caused by the coexistence of multiple
phases in the sample, A;/A corresponds to the volume fraction
of the ith phase. On the contrary, when all the muon sites
are crystallographically equivalent but magnetically different,
A;/Ay indicates the fraction of the muon sites with Hj, to all
of the sites. Muon-spin rotation and relaxation is very sensitive
to Hiy ranging from 0.1 Oe to 100 kOe caused by the nuclear
and electronic magnetic moments [16]. Furthermore, it can
detect magnetic fluctuation rates ranging between 10* and
10'? Hz, which bridges the gap between the time windows
of NMR (10~2-10* Hz) and neutron scattering (103-10'® Hz)
[16]. The muon beams are distinguished by their time structure.
Continuous muon beam facilities, such as PSI and TRIUMF in
Canada, are suitable for the detection of large magnetic fields
and fast relaxing signals, while pulsed muon beam facilities,
such as RAL and the Japan Proton Accelerator Research
Complex (J-PARC), are ideal for studying relatively slowly
relaxing behaviors.

A delithiated Li;_,CoO, sample with y = 0.05 for the
1SR measurements was prepared by electrochemical reaction
in a nonaqueous Li cell using the LCO(xp = 1.02) sample.
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FIG. 1. SEM images for the (a) LCO(xy, = 1.02) and (b) LCO
(xo = 1.10) samples.

To avoid the signals from AB and PVdF, the electrode was
made only from LCO(xy = 1.02) powder. The Li/Co ratio
after the ©SR measurements was determined to be 0.96
by inductively coupled plasma atomic-emission spectroscopy
(ICP-AES) analysis (CIROS, Rigaku Co. Ltd.). The details of
the experimental setup and techniques for the £SR measure-
ments are described elsewhere [12,13].

III. SAMPLE CHARCTERIZATION

We first describe the morphology, crystal structure, and
electrochemical properties of the present samples, which are
essential to the precise determination of the stoichiometry
and/or lithium over-stoichiometry of LCO. Particularly, al-
though the electrochemical measurements are unlikely com-
mon in the condensed-matter physics world, electrochemical
properties are known to be very sensitive to the composition
and homogeneity of a sample [1-3,17]. This is because the
voltage for the extraction (insertion) of Li* ions from (into) the
lattice strongly depends on the structure and composition of the
compound. As aresult, from the charge/discharge curve, which
corresponds to the extraction/insertion of Li* ions from/into
the lattice, one can evaluate the structure, composition, and
homogeneity of the sample.

Figure 1 shows the SEM images of (a) LCO(xy = 1.02) and
(b) LCO(xp = 1.10). The particle morphology and average
size of a primary particle (d,y) for LCO(xg < 1.02)s differ
greatly from those for LCO(xy = 1.05)s. The particles with
dave = 2 um are agglomerated together for LCO(xy = 1.02),
while those with dpy. =~ 15 um appear to be separate each
other for LCO(xo = 1.10). This is probably because the excess
Li,COs3 acts as a flux medium during synthesis [3,6]. Note
that several particles in LCO(xy = 1.02) have a hexagonal
shape—similar to that for single-crystal LCO [18]—owing to
anisotropic crystal growth along the [00/] direction.

XRD measurements showed that the starting material,
Co304, remains in LCO(xog < 0.95)s (see Supplemental
Material 1 [19]), but the majority of the sample has a layered
structure with the R3m symmetry. If we assume that LCO(x,
< 1.00)s are a mixture of ST-LCO and Co3Oj, the weight
fraction of the Co3;04 phase, W(Co030y), is calculated by

W(CO304)
_ (l—xo)XM(C0304)X 1/3
"~ xo X M(LiCoO,) + (1 — xp) x M(Co304) x 1/3°

where M (LiCo0O,) and M (Co30,) are the molecular weights
of LiCoO, and Co30y, respectively. In fact, the W(Co30y4)

)]
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value estimated by a Rietveld analysis with RIETAN-2000
[20] decreases linearly with x¢; for instance, W(Co0304) =
5.4(1) wt% for LCO(x( = 0.95) (see Supplemental Material 2
[19]). Hence, the R3m phase in the LCO(xo < 1) sample can
be assigned to ST-LCO. This is significantly different from
LiNiO;, which is isostructural with LCO; a rock-salt phase,
(Li;—;Ni;)35(Ni)3, 0, rather than ST (Li)3,(Ni)3,0,, is easily
formed when the initial Li/Ni ratio is less than 1 [21].

For LCO(xp = 1.00)s, the XRD patterns are identified
as single phase with the R3m symmetry (see Supplemen-
tal Material 1) [19]). We tried to obtain W(Co3;04) for
LCO(xg = 1.00)s; however, even for the XRD pattern
measured at the synchrotron radiation facility, we could not
determine those values due to the lack of XRD lines from
the Co304 phase [4]. Thus, from the viewpoint of XRD
measurements, the LCO(xg = 1.00) samples are free from the
Co304 phase. In addition, since the lattice parameters in the
hexagonal setting are almost independent of x (a, = 2.813 A
and ¢, = 14.043 A; see Supplemental Material 3 [19]), the
crystal structure of LCO is not sensitive to xo when xo = 1.00.

Figure 2 shows the charge and discharge curves of the
Li/LCO cells to display the correlation between x; and
the electrochemical properties for (a) LCO(xy = 0.95), (b)
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FIG. 2. (Color online) Charge and discharge curves for the

Li/LCO cells with (a) LCO(x, = 0.95), (b) LCO(xy = 1.00),

(c) LCO(xp = 1.02), (d) LCO(xo = 1.05), and (e) LCO(xo = 1.10).

The cells were operated in the voltage range between 3 and 4.2 V

with a current density of 0.25 mA-.cm~2 at 298 K. Inset shows

enlarged charge and discharge curves at ~4.1 V. The change in the
charge and discharge curves at ~4.1 V suggests the structural change
between the rhombohedral (R3m) and monoclinic (C2/m) phases,
which is a characteristic of stoichiometric LiCoO,. The red line in
(c) indicates the charge curve for the ©SR measurements on the
delithiated Li;_,CoO, sample with y = 0.05.
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LCO(xp = 1.00), (c) LCO(xp = 1.02), (d) LCO(xp = 1.05),
and (e) LCO(x¢ = 1.10). For LCO(xy = 0.95), the cell voltage
(Veen) is almost constant (~3.95 V) up to the capacity Q =
70 mAh-g~! and then monotonically increases with Q. The
initial discharge capacity (Qgis) is 147 mAh-g=!. A small
change in the V 1(Q) curve is clearly observed around 4.1 V
[see inset in Fig. 2(a)]. This corresponds to the structural
change between the R3m and C/2m phases, which is known
to be a characteristic feature for ST-LCO [2-6]. Therefore,
the electrochemical measurements confirm the presence of
the ST-LCO phase in LCO(xy = 0.95), which is consistent
with the result of the XRD measurements. For LCO(xy =
1.00) and LCO(xy = 1.02), the charge and discharge curves
are similar to those for LCO(xg = 0.95). On the contrary,
such a small change in the V.(Q) curve is no longer
observed for LCO(xy = 1.05) and LCO(xo = 1.10), suggesting
that the crystal structure maintains the R3m symmetry in
the whole V¢ range measured. By comparing these results
with the previous electrochemical studies on LCO [2-6], the
electrochemical properties for LCO(xg < 1.02)s are caused
by ST-LCO, whereas those for LCO(xy = 1.05) and LCO(xy
= 1.10) by OST-LCO. In other words, there is a clear phase
boundary between ST-LCO and OST-LCO at 1.02 < x¢ < 1.05.

Considering the results of morphology observation and
structural and electrochemical analyses, it is found that
LCO(xyp = 1.02) is almost a single phase of ST-LCO. That
is, the amount of a possible impurity phase Co30y4 is below
the detectable range of XRD (below 0.1 wt%).

IV. RESULTS AND DISCUSSION
A. Magnetic susceptibility

Figure 3(a) shows the T dependence of x for LCO(0.95 <
xo < 1.10)s measured with a field-cooling protocol with
H = 10kOe. The measured magnetization data were corrected
by subtracting the contributions from the aluminum foil
and copper wire and were converted into molar y. For
LCO(xyp = 0.95), as T decreases from 400 K to ~50 K, yx
gradually increases and then shows a cusp at ~35 K [inset
in Fig. 3(a)], finally increasing rapidly as T decreases further.
Since the Rietveld analysis suggested that W(Co304) = 5.2(2)
wt% in LCO(x¢ = 0.95) [19], the cusp around 35 K is attributed
to the AF transition of the Co304 phase (Ty = 35 K) [22].
For LCO(xy = 1.00) and LCO(xy = 1.02), x is almost T
independent down to ~50 K. This is consistent with previous
works [7-9], which showed that the Co®* ions in ST-LCO
are in the LS state with S = 0 (t26g). For LCO(xo = 1.05)
and LCO(xyp = 1.10), x rapidly increases with decreasing
T, particularly below ~50 K. Such a Curie-Weiss behavior
indicates the presence of localized moments in the sample. In
a PM state, a Curie-Weiss formula is represented by

2
N g

= et 2
X 3y (T — ©)) + Xo ()

where N is the number density of Co ions, kg is the
Boltzmann’s constant, T is the absolute temperature, ®, is the
Weiss temperature, and x is the T independent susceptibility.

Figure 3(b) shows the observed Meff(ﬂgg*s) for LCO(0.95 <
xo < 1.10)s obtained by fitting the x(7T') curve in the T range
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FIG. 3. (Color online) (a) Temperature dependence of the mag-
netic susceptibility (x) for the LCO(xy = 0.95), LCO(xo, = 1.00),
LCO(xy = 1.02), LCO(xp = 1.05), and LCO(xo = 1.10) samples. x
was measured with a field-cooling protocol with H = 10 kOe. The
background magnetization, which consists of that from two sheets of
aluminum foil and a copper wire, was subtracted from the raw magne-
tization. Ty (=35 K) is the antiferromagnetic transition temperature
for Co304. (b) The x, dependence of the observed effective magnetic
moment per Co ion, uS5. The solid line represents the theoretical
effective magnetic moment per Co ion, 1!, calculated by Eq. (3).

between 100 and 400 K with Eq. (2). Table I summarizes the
estimated Curie-Weiss parameters, namely, ,ug'fjfs, ®,, and xo.
As xg increases from 0.95, ug}?fs decreases monotonically up to
xo = 1.02 and then increases slowly with changing the slope
(d /L‘e’}’fs /dxo). As described in the Introduction, Levasseur et al.
[5,6] proposed that the Co** ions for the OST-LCO compounds
are partially in the IS state with S = 1 (tzsge;). Assuming that
the Co*+ jons with § = 1 exist inhthe LCO samples with
theo

Xo > 1.00, a spin-only value of pesr(pei°) for LCO is predicted
as

28 xo— 1
theo 0
Metr —g\/( )Xl s (— ) l) ()

As seen in Fig. 3(b) and Table I, u¢° is larger than xS by
0.2-0.4 g at xo > 1.00. However, the /L;}}?O(XO) curve is almost
identical to the ung(xo) curve if it shifts by 0.02 toward the
higher x, side. Therefore, such a shift is reasonably caused by
evaporation of Li atoms during the high 7" synthesis.

Note the small cusp at around 60 K in the x(7T) curve
for LCO(xy = 1.00), LCO(xp = 1.02), and LCO(xy = 1.05).
Such cusp has been usually assigned as the PM behavior of
O, in a sample space [6]. However, we wish to point out the
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TABLE I. The observed effective magnetic moment per Co ion, i
theo

PHYSICAL REVIEW B 89, 094406 (2014)

obs

o » Weiss temperature © ,, temperature-independent susceptibility xo,

the theoretical effective magnetic moment per Co ion, p¢;°, and the x value at 300 K for the LCO(0.95 < x(, < 1.10) samples.

obs Xo theo a X at 300K
*o Heit (1) 0,(K) (107° x emu - mol™!) Meir(1B) (107° x emu - mol™")
0.95 0.70(2) —118(2) 132(1) - 230
1.00 031(1) —93(5) 110(6) 0 115
1.02 0.22(1) —76(6) 100(5) 0.42 114
1.05 0.45(2) —52(2) 101(9) 0.67 153
1.10 0.55(1) —37(1) 105(4) 0.95 194

a

whee is calculated by Eq. (3) and g = 2.12.

other explanation, because, as described in the Introduction,
the previous SR study on ST-LCO revealed the appearance
of localized magnetic moments below 60 K. Namely, as T
decreases from ~60 K, a rapidly relaxing nonoscillatory signal
appears in the spectrum, and then static AF order completes
below ~30 K, but its volume fraction is only ~10 vol%
[12,13]. The present wSR result of ST-LCO is described
Sec. IVC.

From x measurements on VST-LCO [14,15], Ménétrier
et al. [14,15] proposed that x is at ambient temperature,
i.e., xo is an indicator for verifying ST-LCO. This is because
(300 K) ~ 90 x 10~ emu-mol~' for VST-LCO prepared
using high purity Co3O4 (less than 10 mg/kg of Fe, Ni,
or Cu and less than 20 mg/kg of Mn) but is 200 x 107°
emu-mol~! for ST-LCO prepared using standard Co30y.
Looking again at LCO(xyp = 1.02), which is identified as
ST-LCO by electrochemical measurements [Fig. 2(c)], its
% (300 K) (= 114 x 10~ emu-mol~!) is the smallest among
LCO(0.95 < xg < 1.10)s. However, since x (300 K) inevitably
includes the Curie-Weiss contributions from the Co3;O,4 phase
for LCO(x( < 1.00)s and the IS state of Co>" ions for LCO(x
> 1.00)s, ug}}s should be a more suitable parameter than y for
verifying ST-LCO. Actually, as seen in Table I, as x; increases
from 0.95, xo decreases from 132(1) x 10~° emu-mol~! to
110(6) x 107° emu-mol~' at x, = 1.00 and then levels off
the constant value (~100 x 10~ emu-mol~!) until x, = 1.10.
On the contrary, as shown in Fig. 3(b) and Table I, ,ug}’fs has
a minimum at xo = 1.02 [0.22 (1) ug]. This means that the
optimal xo for ST-LCO is 1.02 under the present synthesis
condition, namely, the excess Li atoms (0.02 = 1.02 — 1)
are consumed to compensate for the Li lost by evaporation
during synthesis. We wish to emphasize again that LCO(xp =
1.02) is almost a single ST-LCO phase, based on the structural,
electrochemical, and magnetic measurements.

B. Electron paramagnetic resonance

In order to know the variation of the state of d electrons
with xg, Fig. 4 shows the EPR spectra for LCO(0.95 < xy <
1.10)s at (a) 100 and (b) 300 K. If we assume that the Co>*+
ions are in the LS state with § =0 (tgg), LCO(xy = 1.02), for
which all the Co ions are in a +3 state, should be EPR-inactive
due to the lack of unpaired electrons. Nevertheless, an EPR
signal is clearly observed at 100 K [Fig. 4(a)]. The g factor is
calculated as 2.12(1) using the following relation:

hvr = gﬂBHra (4)

where £ is the Planck constant, v, is the resonance frequency,
and H, is the resonance field. The intensity of the EPR signal
with g = 2.12(1) is enhanced at 300 K [Fig. 4(b)] but is too
small to be detected at 400 K (see Supplemental Material 4
[19]). The EPR signal also appears for the samples with xy =
0.95, 1.00, and 1.05 at 300 K. Although the intensity of the
EPR signal is strongest for LCO(xy = 1.02), both the g factor
and EPR line width between the peaks (A H,,p,) are independent
of x¢ [Fig. 4(c)], confirming the common origin for the EPR
signal in LCO(0.95 < xp < 1.10)s.

Since the purity of the staring material CoO (or Co30y4)
was ~99.7%, all the LCO samples should include impurity
phases, such as Fe, Ni, or Mn oxides. Moreover, one can
naturally expect the EPR signals from the CoO or Co3O4

(@)100K g=212 LCO (b)300 K g=2.12
x,=0.95 : X,=0.95 }\[
g X,=1.00 : X,=1.00 ‘
=) e “
= }
i X,=1.02 J\[ x,=1.02
> R J
< [x=1.05 ; x,=1.05
e WWWW'N
o : i
L X,=1.10 X,=1.10 ;

2000 2500 3000 3500 4000 2000 2500 3000 3500 4000

H (Oe) H (Oe)
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5o (6) 300 1a0
(D): ——o—o0o —* ©
= 21F 160 9
2 20F ———— @& 45— 140 8
s T
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FIG. 4. (Color online) Electron paramagnetic resonance (EPR)
spectra for the LCO(0.95 < xo < 1.10) samples at (a) 100 and
(b) 300 K. Vertical dotted lines correspond to the EPR signal with
g = 2.12. (¢) The x¢ dependence of the g factor and the EPR line
width between the peaks (A Hy,) at 300 K.
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phases. However, such impurities are most unlikely to be an
origin of the EPR signal due to the following reasons.

First, the EPR signal with g = 2.12 was not observed for
LCO(xg=1.10) at 100 and 300 K [Figs. 4(a) and 4(b)]. Second,
the EPR signal was not observed for the pristine CoO at 300 K
(see Supplemental Material 5 [19]). Finally, the Co30,4 phase
is known to have a broad EPR signal with g =~ 5 at ambient
temperature [15]. The EPR signal with g = 2.12 is, thus,
considered as an intrinsic behavior for ST-LCO.

Interestingly, the EPR signal with g = 2.12 at ambient
temperature has not been reported for either ST-LCO or OST-
LCO. Although Artemenko et al. [15] reported an EPR signal
with g = 2.16 for VST-LCO, probably due to the Lit—-O~ PM
centers; such an EPR signal is observed only below ~30 K with
AHp, = 110 Oe. Kim et al. [23] reported the EPR signal with
g =~ 2.16 at ambient temperature for the compound prepared
by a molten salt method with xo = 7. However, their LCO
compound is most likely quite different from a typical ST-LCO
and OST-LCO based on their electrochemical data, such as a
large hysteresis between the charge and discharge curve and a
small Qg;s value (<100 mAh-g~ ') in the voltage range between
2.8 and 4.2 V [23].

For LCO(x( = 1.02), the absorption EPR spectra were well
fitted by a Lorentzian function, suggesting a typical homo-
geneous resonance [24]. In other words, the energy absorbed
from the microwave field is distributed to all the spins, and
thermal equilibrium of the spin system is preserved through
the resonance absorption. Thus, the spin—spin relaxation time
(T») is determined using

h 1
" 2BrgusAH,, 1.52x 107gAH,,’

Using the values of g [=2.12(1)] and AH,,, [=42(1) Oe]
in the T range between 100 and 300 K, 7, is calculated as
7.4(1) x 107'0 s, This value is faster by about two orders
of magnitude than that for a typical radial compound 1,1-
diphenyl-2-picrylhydrazyl (DPPH) at 300 K (~107% s) and is
comparable to that for the Fe** ions in Fe;(SO4); (6.3 x 1071°
s) [25]. On the contrary, the spin—lattice relaxation time (77)
is usually given by

o\,
T =(-—"—) H2,T, 6
1 <2ﬂgus> 127 ©

where H;/, is the H; value that makes the saturated EPR
intensity 1/2. However, the EPR intensity with ¢ = 2.12
at 300 K increases in proportion to H; until 30 Oe (see
Supplemental Material 6 [19]). This suggests that 7; is too
fast to be determined by EPR measurements. We obtained the
same conclusion by pulsed EPR (X-band) measurements at
300 K.

b

&)

C. Muon-spin rotation and relaxation

In order to investigate the internal magnetic field more
precisely, SR spectra were recorded in the T range between
2 and 500 K for LCO(xy = 1.02). Figure 5 shows the T
dependence of the weak-transverse-field (wWTF-) normalized
asymmetry (Na7p) for LCO(xy = 1.02). Here, “weak” means
that the applied magnetic field (=50 Oe) is significantly
lower than any possible spontaneous Hi,. The “transverse
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FIG. 5. Temperature (T') dependence of the normalized weak-
transverse-field (WTF-) uSR asymmetry (Nrg) for the LCO(xy =
1.02) sample.

field” represents the field perpendicular to the initial muon-
spin polarization. N1r roughly corresponds to the volume
fraction of nonmagnetic phases in a sample. For instance,
when Nutgp = 0, the whole volume of a sample is in a
magnetic ordered/disordered state such as a ferromagnetic,
AF, ferrimagnetic, spin-glass, or PM state with large localized
moments. In contrast, when N4t = 1, the whole sample isin a
nonmagnetic state with Hj, << WwTF. According to the previous
uSR study on ST-LCO [12,13], it was found that N4tp = 0.85
at 2 K due to the formation of AF order. Such AF order is
a characteristic feature for ST-LCO and is caused by either
the charge disproportionation of 2Co** — Co”>* + Co**, the
spin-state transition of tfg — t25g e ;, or the surface magnetism
[12,13]. As T increases from 2 K, N4t increases with 7 and
reaches the maximum (=1) around 60 K, suggesting that the
whole volume of the sample is in the nonmagnetic state at
60 K.

For the present work in the T range above 100 K, N4t
monotonically decreases from 1 to ~0.55 with T up to 300 K,
then gradually increases with further increasing 7', and finally
reaches the maximum again at 500 K. The 7" dependence of
Natr above 100 K is consistent with the results of the EPR
measurements for LCO(xo = 1.02). That is, the EPR signal
with ¢ = 2.12 at 300 K was more remarkable than that at
100 K [Figs. 4(a) and 4(b)], but such a signal was absent at
400 K (see Supplemental Material 4 [19]). Since N4tr = 0.55
at 300 K, ~45 vol% of the sample is not a typical nonmagnetic
phase at 300 K.

Figure 6 shows the 7" dependence of the zero-field (ZF-)
and longitudinal-field (LF-) uSR spectra for LCO(x¢ = 1.02)
at (a) 500, (b) 300, (c) 125, and (d) 2 K in the time domain
below 10 us. In order to clarify the existence/absence of static
magnetic order in the sample, the ZF-x SR spectra in the time
domain below 1 us are also displayed at (e) 300 K, (f) 125 K,
and (g) 2 K. The ZF-SR spectrum at 500 K shows a typical
Kubo-Toyabe (KT-)type [26] relaxation with a minimum at
~6 us caused by the nuclear magnetic moments of the SLi
(0.82 un), "Li (326 ux), and °Co (4.63 uy) ions. This
is consistent with the wTF-SR result where Natg = 1 at
500 K (Fig. 5). The applied LF (=5 Oe) clearly reduces the
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FIG. 6. (Color online) Zero-field (ZF-) and longitudinal-field
(LF-) uSR spectra for the LCO(xy = 1.02) sample at (a) 500, (b)
300, (¢) 125, and (d) 2 K in the time domain below 10 us. The
ZF-uSR spectra in the time domain below 1 s are also shown at
(e) 300 K, (f) 125 K, and (g) 2 K. Solid lines at 125 < T < 300 K
represent the fitting results using Eq. (7), while those at 2 K are the
fitting results using Eq. (9). The ZF- and LF-uSR spectra at T <
300 K were measured at the continuous muon beam facility (PSI),
while the ZF- and LF-uSR spectra at T = 500 K were measured at
the pulsed muon beam facility (RAL).

relaxation rate by decoupling Hj,. The ZF-uSR spectrum at
300 K exhibits a rapidly relaxing signal in the time domain
below 1 us, suggesting the appearance of magnetic phase(s)
in the sample. However, since a fast relaxing signal rather
than an oscillatory signal is observed in the early time domain
[Fig. 6(e)], about half of the volume of the sample is found to
enter into a nonordered magnetic phase. Here, we do not call
this phase a disordered phase but rather a nonordered phase in
order to emphasize the noble aspect of this phase.

The ZF-uSR spectrum at 125 K exhibits a KT-type
relaxation, while an oscillatory signal due to the formation
of AF order [12,13] is observed at 2 K together with a
KT-type relaxation, i.e., a fast minimum locates at around
80 ns, and a second maximum appears at around 130 ns
[Fig. 6(g)]. We therefore analyzed the ZF- and LF- SR spectra
for LCO(xo = 1.02) in the two different T ranges. One is the
T range between 100 and 500 K, at which the nonordered
magnetic phase appears, while the other is the T range below
100 K, at which the AF-ordered phase presents. In the former
T range, the ZF-uSR spectra are fitted by a combination of
a dynamic Gaussian KT (DGKT) signal from a nonmagnetic
phase, a fast relaxing signal from the nonordered magnetic
phase, and a background (BG) signal from the muon’s stopped
fraction mainly in the Ag or Ti sample holder,

Ao Pzr(t) = AxrGpegkr(t,A,v)
+ Afast1 €Xp(—Agast1?) + Aga, @)

where Ak, A, and Apg are the asymmetries associated
with the three signals, A, 1s the relaxation rate, A is the static
width of the random nuclear field, and v is the field fluctuation
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FIG. 7. (Color online) Temperature dependence of (a) normal-
ized asymmetry N,; consisting of Naxr, Nagastis Naar, and Nageo;
(b) Afasti> Aar, and Aggo; and (¢) A and v for the LCO(xg = 1.02)
sample.

rate. When v = 0, Gpgkr(t, A, v) is a static Gaussian KT
function GXT(z,A), given by
A%f?

GXT(t,A) =1/34+2/3(1 — A*t*)exp (_T> (8)
As reported previously [12,13], the ZF-uSR spectra at T <
100 K are fitted by a combination of the oscillatory signal from
the AF phase, the DGKT signal, an exponentially relaxing
nonoscillatory signal due to localized moments, and the BG
signal,

Ao Pze(1) = AarF eXp(—Aar!) cOS(wy i + PaF)
+ AxrGpokr(t,A,v)
+ Afasi2 €Xp(—Afas2?) + Agg, &)

where Aar and Aggsp are the asymmetries of the AF phase
and disordered magnetic phase, respectively. Aar and Aggeo
are their relaxation rate, w,ar (=fap x 27) is the muon
Larmor frequency of the AF phase, and ¢ is the initial phase
of the muon-spin precession. Note that Agg = O for the uSR
measurements at the PSI (continuous) facility because we used
a low BG insert.

Figure 7 shows the T dependencies of the uSR-fit param-
eters, namely, (a) normalized asymmetries N4; = A;/(Ag —
Agg); (B) Afasti, Aar, and Mg, and (¢) A and v. The
T dependence of Nakr is very similar to that of N4ry,
as expected. As T increases from 100 K, Nagr gradually
decreases, then reaches a minimum (~0.5) at 300 K, and
finally increases with further increasing 7. The 7' dependence
of Nafsn exhibits an opposite trend to that of Nugr. At
2 K, about 14 vol% of the sample is in the AF-ordered
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state with fap = 8.4(1) MHz. It should be noted that the
ZF-u SR measurements for CozOy4 revealed the presence of
two oscillatory signals with fyrp = 52 and 73 MHz at 2 K
with Ty = 30 K [22]. Also, the ZF-uSR spectrum for CoO
showed the existence of three oscillatory signals with fap =
54, 78, and 150 MHz at 2 K with Ty = 295 K [27]. If we
assume that the nonordered magnetism comes from the Co3O4
or CoO phases, Nap should be ~45 vol% with far = 52 and
73 MHz (or far = 54,78, and 150 MHz) at 2 K; however, as
seen in Figs. 6(d), 6(g), and 7(a), Nar ~ 14 vol% even at 2 K.
Moreover, fap in LCO(xy = 1.02) is quite different from those
in Co304 and CoO but comparable with the previous result on
ST-LCO [12,13]. Furthermore, the ZF-uSR spectrum for the
OST-LCO phase, Lij 04Co0.9601.96, indicated an exponentially
relaxing (nonoscillatory) signal in the time domain below 1 s
at 2 K [28]. The present ZF-uSR measurements, therefore,
confirm that the nonordered magnetic phase appearing at
100 K < T < 500 K is not caused by impurities, such as
Co304 and CoO, but rather an intrinsic feature for ST-LCO.
As T increases from 100 K, Agg rapidly increases with
T, indicating the evolution of magnitude and/or fluctuation
of localized magnetic moments with 7. Although it is very
difficult to determine the accurate Agg; particularly above
300 K due to the limited time resolution of the pulsed muon
beam, Apg is likely to decrease with T above 300 K, as for
the N tast1(T') curve.

Concerning the nuclear magnetic field, as 7" increases from
100 K, A is almost T independent until 300 K, slightly
decreases with T, and then keeps a constant value (~0.25
us~') above 400 K [see Fig. 7(c)]. On the other hand, v
decreases rapidly with 7" up to 200 K, probably due to the
effect of the AF order at low T, increases with 7' and reaches
a maximum around 300 K, and finally decreases with 7 and
becomes 7 independent above 400 K. Such behavior most
likely indicates a motional narrowing due to Li diffusion
around 300 K. However, the ZF and LF spectra above 400 K
show a static behavior [Fig. 6(a)]. This implies that the Li ions
slightly change their position around 300 K, as in the case of a
cooperative Jahn-Teller transition (~285 K) in a ST-LiMn;O4
spinel [29]. Such a small change in the Li position would
be a reason for the appearance/annihilation of the nonordered
magnetic phase in ST-LCO, as discussed later.

It would be also interesting to know the situation of the
delithiated LCO, i.e., Li;_,CoO,. Figure 8(a) shows the T
dependence of N4 for the Li;_,CoO, sample with y = 0.05
together with that for ST-LCO, i.e., LCO(xg = 1.02). Although
the Co** ions with § = 1/2 (tzsg) are produced by the delithia-
tion reaction, N41p for the y = 0.05 sample maintains a value
of ~1 in the T range between 75 and 300 K. This provides
the firm evidence that the nonordered magnetism at ambient
temperature is originated from ST-LCO solely because such
electrochemical delithiation reaction does affect structural and
magnetic properties of Co304 and CoO. Moreover, combining
with the metallic nature of the Li-deficient LCO [9], the ZF
spectrum at 300 K for the y = 0.05 sample indicates the
absence of localized magnetic moments. Furthermore, since
the ZF-uSR spectrum for the y = 0.05 sample indicates a
dynamic KT behavior at 300 K, a slight removal of Li from
ST-LCO significantly alters the nuclear magnetism of LCO
due to the enhancement of Li diffusion [30].
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FIG. 8. (Color online) (a) Temperature (7') dependence of the
normalized weak-transverse-field (WTF-) uSR asymmetry (N ) for
the delithiated Li; _,CoO, sample with x = 0.05 and (b) its zero-field
(ZF-) uSR spectrum at 300 K. The delithiated Li;_,CoO, sample
was prepared by electrochemical reaction using LCO(xo = 1.02). T
dependence of the N,rr and the ZF-uSR spectrum for the initial
(y = 0) sample at 300 K are also shown for comparison.

D. Origin of nonordered magnetism at ambient temperature

In this section we discuss a possible origin of the nonordered
magnetism. We first emphasize again that the result of x
measurements looks to be inconsistent with those of EPR and
SR measurements for LCO(xy = 1.02). That is, based on the
x measurements, LCO(xy = 1.02) is very close to ST-LCO,
suggesting that all the Co ions are in a 3+ state with S =0 (t26g).
Nevertheless, the amplitude of the EPR signal for LCO(x¢ =
1.02) is most intense among the present LCO(0.95 < xy <
1.10)s. Moreover, uSR on LCO(x¢ = 1.02) showed that the
volume fraction of the nonordered magnetic phase reaches
about 45 vol% at 300 K.

Here, we should note that both EPR and ©SR sense static
and dynamic behaviors of Hj,, with a fluctuation rate ranging
from ~10'" Hz and 10%*-10'? Hz, respectively. Therefore, it
is very reasonable to conclude that the Co spins in ST-LCO
are fluctuating in the EPR and uSR time windows. Besides
their time resolutions, we should point out a spatial resolution:
uSR reflects a local magnetic environment with a few atomic
distances, while x corresponds to a macroscopic magnetism.
As seen in Figs. 4(a) and 4(b), when x deviates from 1.02, the
intensity of the EPR signal is drastically suppressed. Further-
more, the partially delithiated sample (Li;—,CoO, with y =
0.05), in which yCo** ions are produced, lacks localized mo-
ments above ~75 K (Fig. 8). These confirm that the localized
magnetic moments at 100 K < T < 500 K are strongly affected
by off-stoichiometry. In other words, the ideal ST-LCO phase
is found to be essential for the spin fluctuations in LCO.
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FIG. 9. (Color online) XPS spectra for the LCO(0.95 < xy <
1.10) samples: (a) Co 2p, (b) O 1s, (c) C 1s, and (d) Li 1s.

According to first-principles calculations performed by
Kramer and Ceder [31], the Co** ions preferentially cover
the LCO surface to minimize the surface energy of LCO. In
addition, Qian et al. [32] reported that ,ug}?fs for the nanosized
ST-LCO compound increases with decreasing particle size (r)
in nm with the relation of 3% = 3.85/4/r because the Co**
ions near the surface are square pyramid or pseudotetrahedrally
coordinated. However, as clarified by the XPS analyses, it is
extremely difficult to rationalize the nonordered magnetism at
100K < T < 500 K only by such surface magnetism. Figure 9
shows the XPS spectra at ambient temperature for LCO(0.95 <
xo < 1.10)s to obtain information on the surface. There is
no detectable change in the Co 2p spectrum with xj. Each
spectrum consists of the Co 2p3,, main peak at 780.1 eV
with a satellite peak at 798.8 eV, and the Co 2p;;, main
peak at 795.2 eV with a satellite peak at 804.6 eV, where
the intensity ratio of Co 2p3, to Co 2p;/, is ~2 [Fig. 9(a)].
In contrast, making comparison with the O 1s main peak at
529.6 eV, a satellite O 1s peak at 531.8 eV clearly grows with
xo [Fig. 9(b)]. In order to explain such an increase, Dahéron
et al. [33] proposed the presence of oxygen deficiencies on the
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OST-LCO surface using a combination of XPS analysis and ab
initio calculations. However, the C 1s spectrum provides a new
insight for the origin of the change in the O ls spectrum with
xo [Fig. 9(c)]. That is, a satellite C 1s peak at 290.1 eV also
grows with xp, particularly at xo = 1.05. Combining with the
change in the Li 1s spectrum with xq [Fig. 9(d)], the satellite
O 1s peak at 531.8 eV is naturally attributed to a Li,CO3
phase on the OST-LCO surface. Thus, although the amount of
Li;COs at the surface of the LCO particle increases with x,
the state of the Co ions does not alter with xg.

As shown in the SEM image of LCO(xy = 1.02) [Fig. 1(a)],
dae 1S ~2 upum. Moreover, the volume fraction of the
nonordered magnetic phase is ~45% at 300 K [Figs. 5 and
7(a)]. If we assume that LCO(xy = 1.02) consists of spherical
particles with a diameter of 2 um and that the nonordered
magnetic phase segregates at the surface of a spherical particle,
the depth of the surface layer for such phase is estimated as
~180nm, (1 — +/0.55) x 1000. Since the penetration depth of
a conventional XPS apparatus is ~3 nm, XPS should provide
information only on such a phase. Nevertheless, the present
XPS results do not show the change in the Co 2 p spectrum but
indicate the increase in the amount of nonmagnetic Li,COj3
phase with xg. It should be also noted that the same XPS
spectra for Co 2 p are obtained even for the nanosized ST-LCO
compound with a particle size of 10 nm [32]. This means that
the Co state at the surface is not affected by both x, and
dyve. Therefore, XPS clearly excludes the possibility that the
nonordered magnetism is induced by surface.

In order to reasonably explain the T dependence of N 41r (or
N afast1), we could consider two different factors to determine
the volume of the nonordered magnetic phase. That is, one
increases the volume with 7', which is predominant below
300 K, while the other decreases the volume with 7" mainly
above 300 K. One scenario is a combination of a spin-state
transition and Li diffusion. A thermally induced spin-state
transition is well known in LaCoO3, although the exact nature
of the transition is still a subject of debate [34,35]. In LaCoOs,
the spin-state of the Co* ions changes from an LS ground
state with § = 0 (tzég) to an IS excited state with § = 1
(tfge;) above 100 K, then alters to an HS state with § = 2
(té‘geg) at around 500 K [35]. Assuming that such spin-state
transition also occurs in ST-LCO above 100 K, the Co®* jons in
a thermally excited IS or HS state naturally produce localized
magnetic moments. For the Co3* ions in an LS state, since
the triple degenerated 1,, orbitals are fully occupied with six d
electrons, the Co** ion locates at the center of the regular CoOy
octahedron. However, when the Co®* ions are in an IS or HS
state, the CoOg octahedron is expected to be distorted in order
to minimize the total energy of d electrons. Such distortion
would slightly alter the position of the Li ions, which locate
around the vicinity of the distorted octahedron. At 7 > 300 K,
the Li ions are thought to start to diffuse between the regular 35
site and an interstitial site, as suggested by the v(T) and A(T)
curves [Fig. 7(c)]. Since the jump distance for Li diffusion
is larger than the slight displacement of the Li ions from the
regular site, such displacement would be suppressed with 7.
This also suppresses the distortion of the CoOg octahedron and
the spin-state transition, leading to the decrease in the volume
of the nonordered magnetic phase.
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However, the physical properties related to a spin-state
transition in LaCoQOj3 are very different from those of LCO.
For instance, x for LaCoOj3 exhibits a complex 7" dependence
below 100 K, while x for LCO is almost 7 independent
above 100 K, at which we assume that a spin-state transition
occurs [Fig. 3(a)]. In addition, although the magnitude of
the crystalline electric field splitting (10Dg) for LaCoOs is
~0.58 eV [35], 10Dg = 2.7 eV for LCO by XPS analyses
[36]. Concerning Li diffusion, "Li-NMR observed a motional
narrowing behavior due to Li diffusion around 400 K for LCO
[37], which is higher by ~60 K than the temperature at which
the A(T') curve shows a gradual change for LCO(xy = 1.02)
[Fig. 7(c)]. Such discrepancy is likely to be explained by
the difference of time resolution between NMR and uSR;
however, there is still no information on the jump distance in
LCO around 300 K.

The other possible mechanism is a combination between
charge disproportionation of the Co** ions and Li diffusion.
Since the compounds containing the Co** ions, such as CoO,
and [Co404(CsHsN)4(CH3CO,)4]CIO,, are known to exhibit
a sharp EPR signal in the g range between 1.97 and 2.65
[38], the present EPR result on LCO(xy = 1.02) (g = 2.12)
implies the presence of Co** ions in an LS state with S = 1/2
(tzsg). Therefore, we could propose the following two charge
disproportionation reactions in order to keep charge neutrality:

2Co°*(LS,S = 0) — Co*™(LS,S = 1/2)
+Co* (LS, S=1/2)  (10)
or
2C0°T — Co** 4+ Co*4. (11)

In the T range between 100 and 300 K, the reaction is
thermally activated for reasons currently unknown, leading
to the formation of magnetic Co?* and Co** ions, while such
reaction is suppressed by Li diffusion above 300 K. Note that
Eq. (11) is also proposed for the related compound Nagy 5CoO,
[39]. For both scenarios, magnetic Co ions should be generated
with 7. Hence, in order for further understanding the origin
of the nonordered magnetic phase, it is highly desirable to
perform careful inelastic neutron scattering studies in the T
range between 100 and 500 K.

Here, we compare the present LCO result with those for
Na;_,Co0O,, which has a similar structure to that for LCO.
Based on x and 2?Na-NMR measurements on NaCoO, (NCO)
[40], Co** ions are reported to be a nonmagnetic S = 0
(tgg) state in the 7 range between ~25 and 300 K. This
was confirmed by uSR [41]. Thus, the past data suggest
the absence of nonordered magnetism or spin fluctuation in
NaCoO, [40,41].

However, stoichiometric NCO (ST-NCO) is known to be
very unstable in air. In fact, the ZF-uSR spectrum for the
NaCoO, sample at 1.3 K includes a fast relaxing signal with
~20 vol% [41] probably due to a Co3O4 phase produced
by decomposition of the ST-NCO [42]. This implies the
possibility that the reported data was not for ST-NCO but for
Na-deficient NCO. Note that the Li-deficient LCO, Li;_,CoO,
with y = 0.05, lacks the nonordered magnetic phase below
300 K (Fig. 8). Besides the possible Na deficiency in the NCO
sample, the arrangement of the Co ions along the ¢ axis in
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ST-NCO is different from that in ST-LCO. In the former, the
Co ions are located at the same (x, y) position to those in the
neighboring CoO; planes due to the A-B-B-A arrangement of
the O ions, whereas in the latter, the ions are at the center of the
Co triangular lattice due to the A-B-B-C-C-A arrangement of
the O ions. This would suggest a role of the Co-O-Na-O-Co
coupling along the ¢ axis to suppress the formation of the
nonordered magnetic phase.

Finally, we point out the significance of magnetic mea-
surements for developing LIB materials. As pointed out by
Chernova et al. [11], it is very important to investigate physical
and chemical properties of LIB materials by various experi-
mental techniques in order to obtain a comprehensive picture
of them. In fact, structural properties of LIB materials are
currently studied by several techniques with different spatial
resolutions, such as electron diffraction, x-ray absorption
fine structure analyses, and XRD measurements. In addition,
the present y, EPR, and uSR results on ST-LCO propose
the significance to employ magnetic probes with different
time windows for understanding the magnetic nature. On the
contrary, electrochemical properties of LIB materials have
been studied in a very wide time range from 107® s to
107 s: a typical time-window range from 1076-1073 s for
polarization measurements, via 10°~103 s for a quick charge
and discharge cycle test, to 103107 s for long-term charge and
discharge-cycle measurements. Although there is, at present,
no direct relationship between magnetism and electrochemical
properties, we expect that the data on LIB materials obtained
by various techniques with different spatial resolution and time
windows will provide an insight for understanding the key
factor to determine the performance of LIB materials.

V. CONCLUSION

We have investigated magnetic properties of
LCO(0.95 < xg < 1.10)s by magnetic susceptibility (x ), EPR,
and muon-spin rotation and relaxation («SR) measurements,
and we found a new type of spin fluctuation in a family of
layered CoO;-based materials. Structural, electrochemical,
and y measurements indicated that LCO(xy = 1.02) is
very close to ST-LCO. However, EPR and ©SR studies
on LCO(xp = 1.02) demonstrated the presence of local
magnetic moments even at 300 K. The g value and spin—spin
relaxation time 7, of such magnetic phases were determined
as 2.12(1) and 7.4(1) x 10710, respectively. The temperature
(T) dependence of wTF-normalized asymmetry (N4tr) for
LCO(xy = 1.02) showed that as T increases from 100 to
300 K, the volume fraction of the magnetic phases increases
from 0 to ~45 vol% and then decreases with further increasing
T and finally reaches 0 vol% at 500 K. Since the ZF pSR at
300 K exhibited a rapidly relaxing signal in the time domain
below 1 us, ~45 vol% of LCO(xy = 1.02) is in a nonordered
magnetic phase. Considering the time window of the three
techniques, the Co spins are most likely to be fluctuating in
the EPR (~10'° Hz) and SR (10*~10'2 Hz) time windows.
We proposed the two possible scenarios for explaining such
nonordered magnetic phase: one is a spin-state transition from
an LS ground state to an IS or HS excited state, as in the
case for LaCoO3, and the other is a charge disproportionation
reaction, 2Co** <> Co?t + Co**. The nonordered magnetism
in ST-LCO is caused by the appearance of localized moments
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because such a nonordered magnetic phase was not detected
in a metallic Li;_,CoO, with y = 0.05 sample.
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