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Abstract

Stacking faults and metallic properties for the triangular lattice system CoQ,, which has
basically three oxygen layers with a prismatic oxygen environment between the layers, have

been explored mainly through measurements of nuclear magnetic and quadrupole resonance. A
significant distribution of the quadrupole frequency for >*Co nuclei, due to stacking faults and
short atomic coherence, is found. The spin dynamics is successfully understood in terms of the

relaxation mechanism for a weakly correlated metal system.

1. Introduction

Transition-metal oxides and the nonstoichiometric bronzes
have been investigated for a long time from both the basic
science and applied viewpoints. For example, the proposal of a
resonating-valence-bond theory for a triangular lattice system
with Heisenberg interaction [1, 2] aroused considerable interest
in geometrically frustrated spin systems. The discovery
of superconductivity in Na,CoO,-yH,O with a transition
temperature 7, &~ 5 K, where x >~ 0.3 and y =~ 1.3 [3], as
well as the possible application to thermoelectric devices in the
parent compound Na,CoO, [4] has accelerated investigations
of the triangular lattice system.

Na,CoO, has a crystal structure, basically described in
terms of CoOg octahedra which are joined by sharing edges
to form a two-dimensional triangular lattice of Co ions [5].
Much work on the triangular lattice Co oxides is performed for
the y phase, which has a two-layer structure with a trigonal
prismatic environment for Na, and is defined as the ‘P2’
structure. On increasing x from ~0.3 to ~(0.8 in the P2 phase,
the ground state goes from a normal metal to a Curie—Weiss
metal via a poor metallic state at x & (.5, accompanied with
a partial valence order of Co [5, 6]. Recently, a new type
of the triangular lattice Hy 3C00,, prepared by soft-chemistry
synthesis, was found to have a P2 structure and to exhibit
weakly correlated or normal metallic properties [7].

The Li,CoO, system is a well-known triangular lattice
oxide from being one of the excellent Li rechargeable
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batteries [8]. The structure for x = 1 is an «-NaFeO, type with
an octahedral coordination for alkali atoms and three layers
of oxygens, which is called ‘O3’. The structural aspects and
the metal—insulator transitions in the Li de-intercalated process
have been studied, especially relating to the performance of
batteries.

Co0; is the parent compound for Na,CoO; and Li, CoO,.
Here, two kinds of phases exist. The compound prepared
with an electrochemical de-intercalation of Li for LiCoO, has
a Cdl,-type ‘O1” structure with space group P3m1 and cell
dimensions of ¢ = 2.822 and ¢ = 4.293 A [9]. On the other
hand, a soft-chemical synthesis with H,SO, provides a ‘P3’-
type stacking fault structure with shift vectors s; = %a + %b
and s, = ja + %b along the shift of 1c, where the basic
space group is centrosymmetric R3m and the cell dimensions
are a = 2.839 and ¢ = 13.439 A [10]. Hereafter, the CoO,
compounds with O1 and P3 structures are referred to as CoO,
(01) and CoO; (P3), respectively, where the Co ions may be
in a low-spin 3d> configuration due to the strong crystal field.
A nuclear magnetic resonance (NMR) study for CoO, (O1)
reveals a metallic ground state [11, 12]. CoO, (P3) is also
found to exhibit metallic properties on the basis of results for
the thermoelectric power and the magnetic susceptibility [10].
Superconductivity emerges around Nap3;CoO, when water
molecules are intercalated in between the Co layers.

In order to clarify further the structural and electronic
properties of CoO, (P3), NMR and nuclear quadrupole

© 2010 IOP Publishing Ltd  Printed in the UK
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resonance (NQR) are primarily performed together with
measurements of x-ray diffraction, electrical resistivity,
thermoelectric power and magnetic susceptibility. The details
regarding the sample preparation and the measurements are
given in section 2. The results and discussions are presented
in section 3. Section 4 is devoted to conclusions.

2. Experiments

Polycrystalline specimens of CoO, (P3) were synthesized by
the soft-chemistry method described previously [10]: ~1.5 x
1073 kg of LiCoO, was mixed with 300 ml of 10 mol 1=! of
H,SO, through 6 days of stirring, where H, SO, was repurified
every other day, and then by washing the product with water
and drying in air, powder specimens were obtained. For
measurements of the physical properties, the specimens were
pressed into pellets at a pressure of 2.5 x 10’ N m~2.

For the two kinds of polycrystalline specimens of CoO,
(P3), hereafter referred to as CoO, (P3)#1 and #2, the
following measurements were performed. Inductively coupled
plasma-optical emission spectroscopy (ICP) was done using
a Nippon Jarrell-Ash ICAP-575 spectrometer. An Xx-ray
powder diffraction pattern was taken with Cu Ko radiation at
293 K using a Rigaku RAD-IIC diffractometer. The four-
terminal electrical resistivity and the thermoelectric power
were measured with the dc method at temperatures between
4.2 and 300 K. The magnetization measurements were done at
temperatures between 4.2 and 300 K by the Faraday method
with a field of up to 1 T. The magnetic susceptibility was
deduced from the linear part of the magnetization—field curve
with a decreasing field. The NMR and NQR measurements
of the >Co nuclei were performed with a standard coherent
pulsed technique in the temperature region between 4.5
and 40 K. The spectra were taken by recording the spin-
echo intensities with the magnetic field or frequency varied
stepwise. The NMR measurements of the ’Li nuclei in a
small amount of the second phase of the specimens were also
done by the Fourier transform (FT) technique. The spin-lattice
relaxation time was measured by monitoring the recovery of
the spin-echo intensities with the standard inversion-recovery
pulse sequence.

3. Results and discussions

3.1. Chemical analyses and structural aspects

On the basis of ICP analysis, 0.040 and 0.026 Li ions per Co are
detected for CoO, (P3)#1 and #2, respectively. Although the
x-ray diffraction patterns for #1 and #2 are almost understood
from those having light stacking faults for the c-direction as
pointed out previously [10], they contain a very small amount
of a second phase of the O3-type triangular lattice compound
Li,CoO, and the spinel-type Co3QOy,, respectively. Since the
preparation methods for CoO, (P3)#1 and #2 are the same,
the appearance of different second phases is accidental. The
phases of Li,CoO, (03) and Co30, likely come from the
incomplete soft-chemical and solid-state reactions of LiCoO,,
respectively.

24+ COOZ (P3) 4

emu” ' mol)

x o’

200

0 T 100

300
T (K)

Figure 1. The temperature dependences of the inverse magnetic
susceptibilities for CoO, (P3)#1 and #2, where the full curves denote
fits to equation (1) with the parameters in table 1.

3.2. Transport and magnetic properties

The electrical resistivities and the thermoelectric powers
for CoO, (P3)#1 and #2 are confirmed to agree with the
previous data [10]: that is, the resistivities that apparently
show a nonmetallic behaviour are explained with a parallel
combination of the Fermi-liquid transport and the variable-
range hopping transport in three dimensions due to the loose
packing of specimens. The thermoelectric powers that have
magnitudes smaller than 10 ©V K~! and a dependence linear
in temperature above 50 K, below which they are nearly zero,
are also understood basically with the Fermi-liquid model for
hole carriers.

The magnetic susceptibilities x as a function of
temperature for CoO, (P3)#1 and #2 are shown in figure 1. As
the temperature is lowered, the susceptibility of CoO, (P3)#1
increases without any anomaly, which is similar to the previous
results [10]. The data for #2 increases at temperatures above
15 K and then exhibits a maximum, likely corresponding to
the antiferromagnetic order. The paramagnetic behaviours are
well fitted with the Curie—Weiss law,

x =C/(T + Tw) + xo. (D

where C, Tw and o are the Curie constant, the Weiss
temperature and the temperature-independent susceptibility,
respectively.  The full curves shown in figure 1 provide
parameters listed in table 1. Since the Curie constant for
Co0O, (P3)#1 is about 3% of the value for S = % and
g = 2, the temperature-dependent contribution may be
attributed to impurities and/or lattice imperfections. On the
other hand, C for CoO, (P3)#2 is about 20% of the free-
spin value and 7w is not so small. Since CoO, (P3)#2 has a
minor phase of CoszQOy, as described before, the temperature-
dependent susceptibility and its maximum phenomenon of
CoO, (P3)#2 likely come from Co30,4. It is known that
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Figure 2. (a) The NQR spectra of *’Co nuclei for the transition of
Am = :i:% <~ :I:% at 5 and 20 K for CoO, (P3)#1; and (b) those at 5
and 15 K for #2. Here, the full and dotted curves indicate fits to a
Gaussian, whose parameters at 5 K are listed in table 2.

Table 1. The parameters of magnetic susceptibilities for CoO,
(P3)#1 and #2.

C (emu K mol™!) Ty (K) xo (10~* emu mol™")

CoO, (P3)#1 0.0124(1) 5.1(1) 3.96(1)
CoO, (P3)#2 0.0744(3) 28.6(3) 3.73(1)

Co30, exhibits antiferromagnetism with the Néel temperature
at Ty ~ 30 K [13, 14]. Here, the Co®™ ions at the octahedral
B sites are diamagnetic, and the Co** ions with § = % and
g = 2.17 at the tetrahedral A sites form an antiferromagnetic
sublattice with the diamond structure below Ty. The reason
why Co30,4 contained in CoO, (P3)#2 has Ty of about 15 K
lower than the original value is likely that the compound is a
little intercalated with Li, which is consistent with the NMR

results for “Li described in section 3.4.

The constant susceptibility xo in equation (1) is written as

X0 = Xs + Xorb + Xdias (2)

where the subscripts of s, orb and dia denote the contributions
from Pauli-type spin paramagnetism, orbital paramagnetism
and diamagnetism, respectively. A tentative assumption that
the magnitude of xo, + Xdia 1S the order of 1075 emu mol ™!
with xgia = —4.9 x 107 emu mol~" and the density of states
N(Eg) is 4.5 eV~! [15] provides an effective electron mass
ratio of about 3 for both of the specimens [10]. In section 3.3,
the magnitudes of s and xo Will be reconsidered based on
the NMR and NQR results for *°Co.

Table 2. The Gaussian parameters of %Co-NQR spectra and the
quadrupole frequencies of the A-line for CoO, (P3)#1 and #2 at 5 K.

A-line B-line

v (MHz) vq (MHz) w,/; (MHz) v. (MHz) w,;, (MHz)

Co0, 11.18(3) 3.822(9) 2.91(9) 11.301(2) 0.104(3)
(P3)#1
Co0, 11.09(2) 3.791(5) 2.45(5) 11.22(3) 0.19(6)
(P3)#2

3.3. NMR and NOR of *°Co

The NQR spectra of the ¥Co nuclei for CoO, (P3)#1 and
#2 are shown in figures 2(a) and (b), respectively. Both
spectra have two Gaussian components with large and small
linewidths, hereafter referred to as A- and B-lines, respectively.
The ratio of the intensity of B-line to that of A-line is smaller
than 3%. For both lines for #1 and the A-line for #2, the centre
frequency v, and the full width at the half maximum w;, are
temperature independent. Only the B-line for #2 changes with
temperature. The Gaussian parameters of v. and wy/, at 5 K are
listed in table 2. Judging from the magnitude of v, of >°Co in
Na, CoO,-yH,0 prepared with the soft-chemistry method [16],
the A-line is considered to come from the transition of Am =
j:% <~ j:%, which is consistent with the analysis of NMR
spectra, as will be described later. The B-line is also expected
to result in the same transition. Here, v, is defined as [17]

ve 2 3vg(1 — n*/10), 3)
with the quadrupole frequency vg expressed by
vo = 3e’qQ/[21(21 — 1)h], @

where e is the electron charge, eq is the field gradient for
the Z-direction of the electric field gradient tensor, Q is the
quadrupole moment, / is the nuclear spin % in this case and
h is the Planck constant. The large width of the A-line,
where wj,, is about one-fourth of v., may be related to the
disorder introduced by the stacking fault and the short atomic
coherence. On the other hand, the B-line may be a contribution
from the minor phase: that is, the O3-type Li,CoO, for #1 and
the Li-intercalated Co3O,4 for #2. The small width of the B-
line suggests these minor phases to be free of defects, which
is reasonable considering their formation process described in
section 3.1.

The field swept NMR spectra of *Co nuclei for CoO,
(P3)#1 and #2 at the Larmor frequencies vy, = 47.48 and
14.1 MHz do not depend on temperature in the temperature
range measured. The spectra for #1 at 5 K and vy =
47.48 MHz are shown in figure 3(a), and those for #1 and
#2 at v, = 14.1 MHz are in figure 3(b). The spectra for #1
agree well with those for #2, which suggests the contribution
from the different minor phases to be negligibly small. Here,
the small peak at v, = 14.1 MHz and H = 0.852 T is
attributed to the signal of "Li in the minor phase, as will be
discussed in section 3.4. Thus, the NMR spectra should be
explained consistently together with the NQR results for the
A-line. As compared with the spectra of Na,CoO,-yH,0 [16],
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Figure 3. (a) The field swept NMR spectra of >*Co nuclei for CoO,
(P3)#1 at 5 K and v;, = 47.48 MHz, and (b) those for #1 and #2 at

5 K and v;, = 14.1 MHz. The full and dotted curves indicate results
simulated in terms of a Gaussian convolution with and without taking
account of the distribution of quadrupole frequency, respectively,
based on the parameters given in the text.

the spectra do not have significant powder pattern singularities,
which should be mainly attributed to the wide distribution of
vQ, as pointed out from the NQR measurements.

In order to explain the NMR spectra measured at vy, =
47.48 and 14.1 MHz consistently, a pseudocontinuous normal
distribution of vg, based on the NQR results, is considered
as follows: first, on calculating transitions which result
from the spin Hamiltonian with the nuclear Zeeman, nuclear
electric quadrupole and anisotropic Knight shift interactions,
where the last two terms are treated as second- and first-
order perturbations on the first term [18, 19], the principal
axis systems of the last two tensors are assumed to be the
same. Next, with the fixed asymmetry parameter of the
electric field gradients n and the fixed principal values of
Knight shifts K’ (i = x, y and z), the powder patterns for
various v are calculated and they are superimposed based
on a normal distribution with an adequate dispersion. Then,
they are convoluted with a Gaussian with the dispersion of
(10 kHz)?. Satisfying agreements with spectra, as shown by
the full curves in figure 3, are obtained with the following
parameters: the mean quadrupole frequency vq =~ v./3 with
the dispersion o2 ~ (11)1/2/3)2 (see equation (3) and table 2),
the asymmetry parameter n = 0.5, and the Knight shift
parameters K* = 3.2, K¥ = 2.4 and K* = 2.2%. That is,
the NMR spectra at different frequencies are fully understood
with parameters determined from the NQR spectra. Using this
1, vq is determined as listed in table 1. For the comparison,
the spectra without the distribution of v are also plotted

Co0, (P3) #2
8 -
0
TM 6+
TU)
T/-\
=
£ 4r
2r 000 20 30
1 1 1 1 t(rlrls)
5 10 15 20 25 30

T (K)

Figure 4. The temperature dependence of the inverse of the product
of the spin—lattice relaxation time and the temperature of °Co nuclei
for CoO, (P3)#2. The inset indicates the NQR decay behaviour
My—M((t) at 4.5 K with a theoretical curve, where M, is the saturated
value.

with the dotted curves in figure 3. The present analysis of
NMR spectra for materials with stacking fault and/or defect
structures is considered to be useful and it sheds new light on
the understanding of the electronic states.

CoO, may have one hole in the a;, orbital for the trigonal
structure. Calculating the local electric field gradient arising
from the on-site hole with this wavefunction, vg’c is estimated
to be 25.7 MHz with 7' = 0 when the radical average of
r=3 is taken to be (r~) = 6.699 au [20] and the principal
axis of maximum electric field gradient corresponds to the c-
axis. These values are not consistent with the experimental
ones, which may be partly due to the disorder effect of stacking
faults. It would be also necessary to take account of the partial
occupancy effect of doublet e orbitals. Of course, depending
on the magnitude of Sternheimer antishielding factor, the
electric field gradient from the ions surrounding Co should also
be considered [21]. The Knight shift anisotropy suggests that
the local symmetry of Co is lower than orthorhombic, which
is different from the result for Na, CoO,-yH,O, which shows
the uniaxial relation of K* = K > K< [16]. In the present
work, the disorder effect of stacking faults is considered to
mainly contribute to the distribution of electric field gradient.
However, there is additional possibility that the Knight shift
anisotropy also changes more or less due to the disorder effect.
So, later only the average value of the Knight shift will be
discussed.

The NQR magnetizations M(t) for the A-line of *°Co
in CoO, (P3)#2 are fitted to the multi-exponential relaxation
curve derived theoretically [22] with a single component of the
spin—lattice relaxation time 77, as shown in the inset of figure 4.
The temperature dependence of the inverse of the product of
T and the temperature, where the quantized axis is expected
to correspond to the c-axis from the basic crystal symmetry, is
shown in figure 4. In the temperature range measured, (7;7) "

is nearly constant, 6.35(9) s~ Kil, which indicates that the
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Korringa relation apparently holds, since the Knight shifts are
temperature independent. This value is significantly smaller
than that of CoO, (O1), about 20 s ! K_] , at temperatures
below 7 K [11, 12] and is in striking contrast with that for the
Na, CoO,-yH,O0 superconductor, where (7 7)~! in the normal
state follows a Curie—Weiss law due to antiferromagnetic spin
fluctuations [16].

Let us analyse the present NMR and NQR results of *Co
considering that the electron correlation for the present case is
not so strong. Based on equation (2), the Knight shift is written
as

K = K + Kow. %)

Here, K; is related to the respective susceptibility through an
equation
K; = A;xi, (6)

where A; is the hyperfine coupling field. Since the intrinsic
susceptibility is temperature independent, the magnitude of A
is not determined from the K—x plot experimentally. Ay is
given by

Aoy = 21BE (r7), )

where & is an orbital reduction factor. For & = 1, Ay =
84 T/up with (r=3) = 6.699 au [20]. In the tight-binding
approximation, (T, T)~! is written as [23]

(M) = (M) + (g + (T gy, ®)

where the last term is the contribution from dipole interaction.
For the ajg orbital, each component can be obtained from
two hyperfine fields of A5 and A, and the density of states
N(Eg). On the reasonable assumption that A; > 0 with a
significant spin—orbit coupling [16] and 0.6 < & < 1 [20, 23],
the isotropic spin and orbital components of x;, K; and A;
are estimated as follows: with g = 2.24 as the ESR value
for the triangular lattice Nay 09CoO, [10] and & = 0.6, xs =
1.4 x 107 emumol ™!, K, = 0.059%, A, = 2.4 T/ug;
and o, = 2.8 x 107* emu mol ™, Ko = 2.54%. These
parameters lead to the (777)~' components of (717);' =

0.019, (I T)yy = 58 and (I1T)g, = 1.0s7! K", which
roughly account for the experimental value. The hyperfine field
Ao induced by the spin—orbit interaction is then 12.4 T/ug,
from the relation of Ay, = (g — 2) Ao [24], which provides
the same Ag as that presented above for the usual core spin
polarization value of —10 T/up. Here, it should be noted that
the (7,7)~" value measured may not be isotropic, but is for
the quantized axis direction. So, the above estimation may be
altered a little obtaining the isotropic component of (7;7)~.
Through the rather simple analysis of NMR results, the spin
susceptibility is found to agree with the value with N(Ef) =
4.5 eV~! for CoO, (O1) [15], which is consistent with the
picture that the present compound is a weakly correlated metal.
A similar NMR analysis has been applied for the perovskite-
type metal SrVO3; [25].

3.4. NMR of "Li

For CoO, (P3)#1 and #2 that have the minor phases of O3-
type Li,CoO, and spinel-type Co30,, respectively, the NMR

o #1

(a) CoO, (P3)
I o

0.08

0.04 - b

K (%)

0.00 - B

—0.04 - b

T (K)

Figure 5. The temperature dependences of (a) the Knight shifts and
(b) the spin—lattice relaxation rates of "Li nuclei in the minor phases
of CoO, (P3)#1 and #2. The full curve for #2 in (a) is drawn based
on the transferred hyperfine field for the Li-intercalated Co3;0, and
that in (b) indicates fits to the SCR model.

spectra of "Li are observed at v, = 14.1 MHz. The lineshapes
are single Lorentzian and the NMR magnetizations exhibit
a single-exponential recovery. The temperature dependences
of Knight shifts and spin—lattice relaxation rates are shown
in figures 5(a) and (b), respectively. The Knight shift for
#1 is zero within an experimental error, which indicates
that the outer s electrons of Li are absent, and Tl_1 is
nearly temperature independent, as indicated by the dashed
line. These results seem to correspond to those for the slow
component of two kinds of relaxation processes for O3-type
Li,CoO, with x = 0.92 [26].

As described in section 3.2, the minor phase of CoO;
(P3)#2 may exhibit antiferromagnetism with 7y ~ 15 K.
The Knight shift seems to increase slightly with decreasing
temperature, which may be caused by a transferred hyperfine
field A, from Co** with g = 2.17 in Co304. The full
curve in figure 5(a) provides A, = 1.8(3) x 1073 T/us.
Tfl appears to increase with decreasing temperature above
Tn. For a weak antiferromagnetism, it is known that the self-
consistent-renormalization (SCR) theory gives the following
characteristic temperature dependences of Tl_1 [27]: for T >
Tn, T7' oc T(T — Tn)™V2; and for T < Ty, T;' o
T(Ty — T)™Y2. The full curves drawn, based on this
theory, in figure 5(b) may account for the experimental results.
Therefore, the present results of Li may be for the slightly Li-
intercalated Co30;,.

4. Conclusions

Stacking faults and metallic properties for the triangular lattice
system CoO,, which has basically three oxygen layers with
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a prismatic oxygen environment between the layers, prepared
through a chemical extraction of Li from LiCoO, with H,SOy,
have been investigated mainly through measurements of NMR
and NQR. A wide distribution of the quadrupole frequency
for ¥Co nuclei due to the stacking fault and the short atomic
coherence is found. The spin dynamics is successfully
understood in terms of the relaxation mechanism for a weakly
correlated metal system. The absence of antiferromagnetic
spin fluctuations in two dimension suggests that the interaction
between the CoO; layers is not so small. The Li ions contained
in the present specimens are found to come from minor phases
of O3-type Li,CoO, with x &~ 0.92 or Li-intercalated spinel-
type Co30y.

For an application to rechargeable Li batteries with the
use of transition-metal oxides, it is generally known that
structural instabilities or phase separations, for undergoing
intercalation and de-intercalation with Li ions, often give
rise to a serious problem such as a lowering of discharge—
charge cycle performance. The Li de-intercalated CoO, (P3),
prepared soft-chemically, is rather stable to air exposure and
metallic, and the stacking faults may relax the structural
instabilities for the rigid lattice. Therefore, if the high voltage
state of CoO, is first prepared by the soft-chemistry method,
several chemical instabilities in the discharge and charge
processes, related to the reduction and oxidation of the CoO,
lattice, respectively, would be removed to a certain extent. This
may produce high capacity batteries and application research
on this viewpoint is highly desired.
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