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Abstract. A new type of the triangular lattice system H;CoO2 (z = 0.3)
is synthesized through a chemical extraction of Na from Nag3CoO2 with
H2S504. The structure is modelled by two oxygen layers with a prismatic
oxygen environment and a symmetric linear H—O bond on the basis of the x-
ray powder diffraction and magic-angle spinning NMR analyses. Measurements
of the electrical resistivity, thermoelectric power and magnetic susceptibility
suggest a weakly correlated metallic state with the enhancement of effective mass.
The transport anomalies, accompanied with the rapid decrease of thermoelectric
power, are observed at about 10 K.

PACS numbers: 61.10.Nz, 76.60.Cq, 72.80.Ga, 75.20.En

1. Introduction

Transition-metal oxides have aroused considerable interest both from the basic science
and the applied viewpoints. For various oxides with unfilled d orbitals which contain
high-T, superconductors, properties of correlated electron systems and quantum spin-
fluctuation systems have been investigated for a long time [1]. They are also utilized as
several functional materials such as thermoelectric devices [2, 3], rechargeable lithium
batteries [3] and so on.

Since the proposal of resonating-valence-bond theory regarding a spin—liquid
ground state for the triangular lattice system with Heisenberg interaction [4, 5],
various oxide systems have been studied. The discovery of superconductivity in
Nag 3C005 - 1.3H50 [6] as well as the possible application to thermoelectric devices in
the parent compound Na,CoOq [2] throws up more interest for this system.

The Na;CoO, system has several different phases with sheets of edge-sharing
CoOg octahedra interleaved by Na [7]. The stacking sequence of the oxygen layers leads
to a number of sheets for a unit cell. Many works have dealt with the y phase that has
a two-layer structure. This structure is basically described in terms of CoOg octahedra
which are joined by sharing edges to form a two-dimensional triangular lattice of Co
ions [8]. Between these lattices, the Na atoms labelled Nal and Na2 with trigonal
prismatic environments reside in some occupation probability. According to the type
of oxygen coordination for Na and the number of sheets, the v phase is expressed
as 'P2’. The phase diagram of Na,CoOy as a function of the Na concentration [9]
indicates that, as x increases from = 0.3 to ~ 0.8, the ground state goes from a normal
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metal to a Curie-Weiss metal through a poor metallic state at = ~ 0.5 accompanied
by a partial valence order of Co [8].

The Li;CoOy system has a triangular lattice similar to those of Na,CoOs
[10]. The structure of LiCoOy is of the a-NaFeO, type, having the octahedral
coordination for alkali atoms and three layers of oxygens (called ’03’). This system
has been investigated intensively from various viewpoints, since it is an excellent Li
rechargeable battery. The crystal structures and the metal—insulator transitions in
the Li de-intercalated or charged process are discussed in detail, especially relating
to the performance of batteries. The end-member compound CoOsy prepared by
electrochemical de-intercalation of Li for LiCoO has a Cdly-type 'O1’ structure [11],
while that synthesized soft-chemically has a 'P3’ structure [12].

This article considers H,CoOy (z = 0.3) derived from the nominal compound
Nag3C00, with soft-chemistry synthesis. While HCoO, is known to have a
'P3’ structure [13], neither the structure nor the electronic properties for the
nonstoichiometric composition have been published. Details of the sample preparation
and measurements are given in section 2. The structural model of H, CoO5 constructed
with x-ray powder diffraction and magic-angle spinning (MAS) NMR is presented
in section 3.1, and the electronic properties revealed through measurements of the
electrical resistivity, thermoelectric power and magnetic susceptibility are described
in section 3.2. Section 4 is devoted to conclusions.

2. Experiments

Polycrystalline specimens of H, CoO (z = 0.3) were synthesized by the soft-chemistry
method as follows: first, nominal compounds of Nag7CoOs were made at 1073 K
according to the procedure described in a previous work [14]. Nag 3Co04 was prepared
by mixing 1072 kg of Nag.7CoO, with 0.1 mol 1=! of Bry dissolved in acetonitrile in Ar
through 4 days of stirring. The compounds obtained above (9 x 10~* kg) were stirred
in 2 mol 17! of HySOy4 for 6 days in air. Here, H,SO4 was repurified every other day.
By washing them with water and drying in air, the powder specimens were finally
obtained. For measurements of physical properties described below, the specimens
were pressed into pellets at a pressure of 2.5 x 10° N m~2. A packing factor was about
85 %.

Inductively coupled plasma-optical emission spectroscopy (ICP) was done using
a Nippon Jarrell-Ash ICAP-575 spectrometer. The MAS NMR spectra, for the 'H and
23Na nuclei were recorded on Bruker Avance spectrometers under 14 T at 293 K. Here,
spinning speeds between 10 and 14 kHz were used, and H and Na were referenced to
the signals in silicones and NaCl solution at 0 ppm, respectively. An x-ray powder
diffraction pattern was taken with Cu Ka radiation at 293 K using a Rigaku RAD-
IIC diffractometer. The four-terminal electrical resistivity and the thermoelectric
power were measured with a dc method at temperatures between 4.2 and 300 K. The
magnetization measurements were performed 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.
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Figure 1. The x-ray powder diffraction pattern with Cu Ko radiation at 293 K
for the specimens derived through chemical extraction of Na from the nominal
compound Nag.3CoO2 using HoSO4. The result in terms of Rietveld refinement is
indicated by a full curve in the top panel and the difference between the observed
and calculated intensities is plotted in the bottom panel.

3. Results and discussions

3.1. Structural model

ICP analysis indicates the specimen to have an Na concentration of 0.03(1) per Co
ion. On the other hand, the MAS NMR analysis indicates that the Na signal does not
appear, while the H signal having side bands of 20 ppm exists with a shift of 4.827(3)
ppm and a full width at half maximum of 0.17(1) ppm for 12 kHz of spinning. Thus
the Na ions detected with ICP may come from an impurity adhered to the surface of
the specimens and a HCI solution. This idea is supported with the structure analysis
described below.

Figure 1 indicates the x-ray powder diffraction pattern at 293 K. The diffraction
peaks are indexed as a hexagonal unit cell with dimensions a = 2.8434(4) and
c = 8.909(3) A. Note that a very weak reflection exists between (1 0 0) and (1 0 1),
which is attributed to the peak from the minor phase of Co304. The c-axis is more
than twice as large as that for the ’O1’ structure of CoO4 with trigonal dimensions
of a = 2.822(1) and ¢ = 4.293(6) A [11], and it is much less than the value for
the 'P2’ structure of unmodulated crystal Nag55CoO2 with hexagonal dimensions
of a = 2.8180(5) and ¢ = 11.005(9) A [8]. On the basis of the Rietveld analysis
[15] assuming the space group P63/mme, the structure is finally modelled with zero
thermal factors for all of atoms as follows: the Co atom resides in (0 0 0) of the
2a site and the O atom is in (% % 0.1035(18)) of the 4f site, corresponding to the
P2’ structure. The nearest neighbour O—O distance between the layers is 2.61(2)
A, which is much smaller than that for Nag 55C00s, 3.55 A [8]. Since the distance
from the 2b site (0 0 ) and/or 2c site (3 2 ) expected for the Na positions in
Na,CoO; to O atoms is very short (2.08 A) as compared with the ionic bond length
[16], the Na atoms are considered to be absent, which is consistent with the calculated
Fourier maps and the MAS NMR analyses. The H atoms are expected to be located
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Figure 2. Clinographic view for the structural model of H;CoO2 (z ~ 0.3) with
the octahedra for Co.

at the 2d site of (% % i) at an occupancy probability of about % for the reason
stated below. Here discrepancy factors are R, = > |[Y, — Yc|/ > |Yo] = 9.2 % and
Ryp = [ w(Ys — Yo)?2/ S wY2]'/? = 11.6 %, where Y, and Y. are the observed and
calculated intensities of the pattern, respectively. According to the refinement for the
two phases of H,CoO5 and Co30y, the relative amount of the latter phase is about 1
%. The clinographic view of the structural model of H,CoOs (2 = 0.3) is shown in
figure 2.

The Co ions are surrounded octahedrally with a Co—O distance of 1.883(8)
A. As shown in figure 2, there exist two triangular lattice layers of CoOs linked
by edge-shared CoOg octahedra in the unit cell. The H atoms reside between the
oxygen layers with a symmetric H—O bond of 1.305(16) A that agrees well with the
value for the two-coordinated H ion [16]. The Co—H distance is 2.7669 A, which is
shorter than the Co—Co distance in the CoO4 layer. The concentration of H may be
estimated to be about % with the condition that the Co valence calculated from the
bond-lengths—bond-strength relation [17] agrees with that from the chemical formula
assuming full occupancy of O ions. Thus the Co ion has a valence of 3% In order
to know detailed structural properties including the oxygen concentration, further
investigations are necessary.

3.2. Transport and magnetic properties

The temperature dependence of the electrical resistivity p for H,CoOqy (z = 0.3) is
shown in figure 3(a). The resistivity increases gradually with decreasing temperature
above T, ~ 10 K, below which it is almost constant as shown in the top panel of
figure 3(c). The specimen is considered to be essentially metallic taking account of
intergrain conductions due to the low packing factor as described in section 2. This
behaviour is quite similar to that for a heavy fermion system LiV2O,4 that exhibits a
nonmetallic temperature dependence for loosely packed polycrystalline specimens [18]
and indicates a metallic variation for the single-crystal specimens [19, 20]. The data
above T), appear to be expressed as a parallel combination of metallic resistivity (om)
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Figure 3. The temperature dependences of (a) the electrical resistivity and (b)
the thermoelectric power for HzCoO2 (z = 0.3), and (c) their low-temperature
parts. The full curves in (a) and (¢) denote a fit to equation (1), and the full
line and dotted curve in (b) are fits to equations (4) and (5), respectively, with
parameters given in the text

with a power of p and variable-range hopping (VRH) resistivity in three dimensions
(py) for the loosely packed specimen [21]:

p=1/pm+1/p0)7", (1)
where the first and second terms are written as

Pm = Po + ATp7 (2)

pe = Bexp[(To/T)""], (3)

respectively, po being the residual resistivity. The full curve in figure 3(a) provides the
following parameters: pg = 0.4282(7) Q cm, A = 25(1) p2 cm K7? with p = 2.05(1),
B =8.8(1) mQ cm and Ty = 2.18(5) x 10* K. In the present case, it is meaningless
to discuss the VRH parameters based on the detailed theory [22], because they
significantly depend on a packing factor. On the other hand, the metallic resistivity
is suggested to follow the Fermi-liquid relation as far as this model is assumed. The
values of pg and A much larger than those near the metal—insulator boundary for the
perovskite system [23, 24] may be attributed to the loose packing of the specimen in
addition to the correlation effect.

The thermoelectric power .S, which is not significantly influenced by the intergrain
transport, should reflect more intrinsic properties. Figure 3(b) indicates the
temperature variation of the thermoelectric power for H;CoOs (x =~ 0.3). For the
temperature region measured, the thermoelectric power is positive, indicating the
carrier to be hole. On decreasing the temperature from 300 K, the thermoelectric
power decreases rapidly above 130 K, below which it has a linear dependence on
temperature above 30 K and exhibits a hump at Ts ~ 10 K, and then it nearly goes
to zero. This temperature dependence as well as the small magnitude (about 16 pV
K~1! at 300 K) suggests that the compound is metallic, although the overall behaviour
is different from that expected from the Fermi-liquid theory. Applying the relation

©2k*T dlno(E) )
3e de |5’

S:
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where k is the Boltzmann constant, o(F) is a conductivity-like function of electron
energy F with the form o(E) o< E9 and Ep is the Fermi energy, to the data between
30 and 130 K, Er is estimated to be 7.1 x 103¢ K on the basis of the full line in figure
3(b). The exponent g will be presented in section 4. Considering that the parallel
combination model of p,, and p, is effective for this case, the thermoelectric power is
simply written as

S = (Smpy + Svpm)/(Pm + pv)s (5)

where S, and S, are from the paths related to p,, and p,, respectively. On the
assumption that Sy, ~ 0 and S, oc T'/2 [21], a fit to the data at room temperature
is obtained as shown by the dotted curve in figure 3(b). The reason why the parallel
combination model does not fit the data is that it corresponds to a limit for the
two kinds of transport paths. Actually it is expected that the data points above
130 K exist between the two limits of Fermi-liquid theory (full line) and the parallel
combination model (dotted curve). On the other hand, the Heikes formula for the case
of T, U > W but T < U in the Hubbard model, where U and W are the Coulomb
repulsion energy and the bandwidth, respectively, leads to S = 0 for the Co valence of
32 [25], which would also be consistent with the small value of S taking account of the
possible small difference of carrier density from the commensurate value. However, it
may be not the case judging from the susceptibility results described below.

The magnetic susceptibility x and its inverse of H, CoOs (z =~ 0.3) as a function of
temperature are shown in figures 4(a) and (b), respectively. Here the data containing
the contribution from the slightly adsorbed oxygens are removedf. The temperature
dependence is apparently expressed as

X = C/(T+Tw) +xo (6)
where the first term is the Curie—Weiss susceptibility xcw with the Curie constant C
and the Weiss temperature Ty, and the second term is the temperature-independent
component from the orbital and diamagnetic susceptibilities. A fit to equation (6)
provides the following parameters: C' = 0.0170(3) emu K mol™!, T\y = 17.5(7) K
and xo = 2.74(1) x 107* emu mol~!. The Curie constant obtained here is about 4
% of the value for S = % and g = 2, and the constant component is several times
larger than the exact value known for another triangular lattice system LiVOs below
the spin-singlet trimerization temperature [26] apart from the difference between the
electronic structures. This result is in striking contrast to those for the Curie-Weiss
type metal phase of Na,CoO4 [9].

Assuming that the Curie—Weiss component comes from lattice imperfections
and/or impurity phases, it should be considered that the large constant susceptibility
includes a Pauli component from the metallic phase. For simplicity, using a free-
electron relationship, the Pauli susceptibility with a constant Stoner-type enhancement
is described as

N 2
R F () Fuya8), (™)
where NV and up are the number of electrons and Bohr magneton, respectively, and
Fy9(8) = [21/?/[exp(z — &) + 1]dz with £ = Ep/kT [27]. The susceptibility is then

written as

Xp =

X = Xp + Xo + Xcw- (8)

1 The oxygen desorption process for the magnetization equipment leads to a significant increase of the
susceptibility at low temperatures likely due to the oxygen deficiency and/or the partial decomposition
of specimen.
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Figure 4. The temperature dependences of (a) the magnetic susceptibility and
(b) its inverse for HyCoO2 (z =~ 0.3). The full curves in (a) and (b) denote fits
to equation (8) with parameters given in the text, and the dotted curve in (a)
indicates a contribution from the first and second terms in that equation.

The full curves in figures 4(a) and (b) provide the following results: Fr = 1.17(4) x 103
K, xo = —2(1) x 107® emu mol~}, C' = 0.0135(4) emu K mol~! and T\ = 12(1) K
for N = % mol. The dotted curve in figure 4(a) indicates a contribution from xp + Xo.
This Er is rather smaller than that estimated using the correlated band local-density
approximation 4+ U (LDA + U) for Na, ;5C00; [28] that is expected to have an electron
concentration similar to that of the present compound: density of states at the Fermi
level ~ 2 eV~! and Er ~ 5.8 x 10® K. Thus the effective mass of carriers meg or xp is
enhanced by a factor of five over the free-electron values. The Landau diamagnetism

expressed by x1, = —+ -2 yp, mg being a free-electron mass, is a minor contribution

3 Megr
in this case. On the other hand, the analysis in terms of the Spin—% Heisenberg-type

triangular lattice antiferromagnet [29] provides no reliable results, since a broad peak
at certain temperature expected from this model does not appear in the data.

At temperatures T, and Ts, no any anomaly of the susceptibility is detected.
Preliminary magnetization measurements cooled at zero field and 1 mT indicate that
the latter susceptibilities become larger than the former below T}, and T's. However, it
is difficult to judge whether this property is really intrinsic or not due to the presence
of the Curie—Weiss component.

4. Conclusions

A chemical extraction of Na from Nag3CoOs with HoSO4 provides a new type of
the triangular lattice system H,CoOs (2 ~ 0.3). On the basis of the x-ray powder
diffraction and MAS NMR analyses, the structure is modelled by two oxygen layers
with a prismatic oxygen environment ("P2’ type) and a symmetric linear H—O bond.

Due to the loose packing of specimens, the electrical resistivity seems to be
explained by a parallel combination of the Fermi-liquid transport and VRH transport
in three dimensions. The temperature dependence and the small magnitude of
thermoelectric power may reflect metallic properties. The Heikes formula for the
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strongly correlated system also leads to the small magnitude of thermoelectric power,
but this may not be the case. The magnetic properties are understood qualitatively
with a mass-enhanced Pauli paramagnetism. From the results of thermoelectric power
and magnetic susceptibility, the energy dependence of conductivity is considered to
have the form of o(E) oc E%2. The hyperfine field in 'H nuclei due to the Fermi
contact interaction is also estimated to be 8.3 mT ,ugl. Putting the results obtained
together, it may be concluded that the present compound is classified as a weakly
correlated metal.

The mass enhancement of the present compound may be less significant than

that of Nag3CoO5 [9] from a comparison of their susceptibilities. This difference

for CoO5 planes with the valence = 3% should be attributed to the coordinations of

monovalent ions and/or the interlayer distances. The smaller correlation effects for
the large electron concentration =~ % suggests the U/W ratio for this valence to be
small likely due to the wide distribution of electrons for the a;, and e, bands. This
reminds us of the difference in U/W for the 3d' perovskite system: the U/W for the
cubic perovskite SrVOg3 with degenerate orbitals is significantly smaller than that for
the orthorhombic LaTiOg with a singlet orbital due to Jahn—Teller distortion [30, 24].
It should be noted that the reduction of correlation effects for Nag 3CoQOs has recently
been discussed using the LDA + U approach [31].

At T, ~ Ty ~ 10 K, there exit transport anomalies accompanied with a plateau
of resistivity and a rapid decrease of thermoelectric power.
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