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We investigate the transport properties of Li,CoO, thin films whose resistivities are nearly an order of
magnitude lower than those of the bulk polycrystals. A metal-nonmetal transition occurs at x~ 0.8 in a biphasic
domain and the Seebeck coefficient (S) is drastically increased at ~140 K(=T") with increasing the Li
concentration to show a peak of magnitude ~120 wV/K in the S-T curve of x=0.87. We show that 7"
corresponds to a crossover temperature in the conduction, most likely reflecting the correlation-induced tem-

perature dependence in the low-energy excitations.
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Thermoelectric (TE) energy conversion is one of the key
technologies for energy savings and environmental protec-
tion. There has been an extensive quest over decades for
materials exhibiting higher TE figure of merit ZT'=ST/ pk,
where S, T, p, and « are the Seebeck coefficient, absolute
temperature,  resistivity, and thermal conductivity,
respectively.! Band theory of solids predicts that heavily
doped semiconductors having carrier concentrations
n~10" cm™ are candidates for high-Z7 materials but
metallic materials are not.! Therefore, the fairly large
S (~100 wV/K at 300 K) in Na,CoO, showing metallic p
with n=10%" cm™ (Ref. 2) has attracted much attention for
its origin®!! and also has triggered the search for metallic TE
materials having CoO, layers as common building
blocks.'>"!8 Na,CoO, was further revealed to exhibit uncon-
ventional  superconductivity,'” charge?® and Na-ion
orderings,?! and three-dimensonal magnetism.???3 Electroni-
cally, A-ion removal from A,CoO, (A: alkaline or alkaline-
earth metal) creates holes in the valence band. It has been
debated how far band theory can explain the largeness of S
(Refs. 3, 9, and 10) and how far strong correlations can be
relevant.*-%1! Recently, Lee et al.'® reported that S is further
increased in Na,CoO, at x>0.75, and that the S-T curve
shows a peculiar peak of magnitude ~350 uV/K at
~100 K, indicating that Na,CoO, in the high-x region may
serve as an efficient hole-type TE material, although the ori-
gin of the increase in § at high x is also not clear partly
because Na ions are unstable and mobile at ambient
temperatures.?!2+>

Li,CoO, (Refs. 26 and 27) has a layered structure similar
to Na,Co0O,, and is the most common cathode material for Li
rechargeable batteries since Li ions can be removed from and
inserted into Li,CoO, repeatedly through an electrochemical
method at ambient temperatures.”®? There has been many
studies on the relationship between the structure and the Li-
ion diffusion properties as reviewed by Antolini,>* and also
on the magnetic properties.>'=3 In addition, Li,CoO, is
known to exhibit fairly large S (Refs. 36-38) comparable to
that of Na,CoO,. Even though p of the polycrystalline
samples are rather high due to the grain boundaries, there is
a signature of electron delocalization upon Li
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deintercalation,’”-*® indicating that Li,CoO, is a potentially

metallic TE material. Herein, we report transport properties
of Li,CoO, epitaxial thin films whose resistivities are nearly
an order of magnitude lower than those of the polycrystalline
samples. We observe a metal-nonmetal transition at x~0.8
and an increase in S with increasing x that results into a peak
in the S-T curve at high Li concentration. We present a pic-
ture that the electronic transport of Li,CoO, at high x is
strongly affected by both disorder and electron correlations.
In order to obtain the Li,CoO, epitaxial thin films, we first
grew epitaxial films of Nay3CoO, on the (111) face of yttria
stabilized zirconia (YSZ) substrates by the reactive solid-
phase epitaxy method.***! The Nay4CoO, epitaxial thin
films thus obtained were converted into Lij ¢,C0oO, thin films
by treating them in LiNO3/LiCl salt at 260 °C for 4 h in an
Ar atmosphere. During the topotactic ion-exchange treat-
ment, the epitaxial relation of the film and the YSZ substrate
was preserved [the in-plane and out-of-plane x-ray diffrac-
tion (XRD) patterns show sharp peaks of the films and the
substrate simultaneously; see Fig. 1(a)], and the grain size of
~0.5 wm was virtually unchanged, thanks to the lateral ion
diffusion during the ion exchange making less impact on the
crystallinity of the CoO, layers.***! Then the Li ions were
subtracted by immersing the Lij ¢,CoO, thin film in K,S,04
aqueous solution (0.03 mol/l) at room temperature. The Li
concentrations were controlled by the immersing time and x
was estimated from the 0003 XRD peak [Fig. 1(b)] using the
relationship between x and the lattice parameter of the
bulk.?>#>43 The thin films for 0.75=x=0.87 was separated
into Li-rich and Li-poor phases, whereas those for x=0.70
and 0.92 =x were in a single phase. A two-phase coexistence
was also reported in the polycrystalline samples at
0.75=x=0.95 (Refs. 30 and 42) so that the thin films inves-
tigated herein had structural properties similar to the bulk. p
was recorded by a dc four-probe method under van der Pauw
configuration and S was recorded by applying temperature
difference of <3 K in the in-plane direction. Temperature-
dependent hysteresis was not observed in the transport mea-
surements. Typical thickness of the films was ~60 nm.
Figure 2(a) shows p-T curves of the Li,CoO, epitaxial
films. The x=0.66 sample shows positive dp/dT at

©2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.82.075325

ISHIDA et al.

PHYSICAL REVIEW B 82, 075325 (2010)

(i) Out-of-plane {0 In-plane 30 (a) 03
2 R L x
5 > ¢ S 502
£ 8§ {elg < 2 3
5 & 8 < 01
> © 1 -
z 8 [ = x=0.87 =
& 8 3 1 E _ S o
kS l ° £
N TN | . é
1 2 3 4 5 6 7 8 55 6.0 6.5 7.0 o 8
Scattering vector, gz (nm™") Scattering vector, gx (nm™") = 082
, : : 1] — <
®) Pr;niﬁ] 0003 s value (€) « * 6L w
60 0.61
0 C \\ ] el 084 1 | 0.81
< AN ) © x<0.72 0.87 < X
g S - %‘ 0.64 single phase single 4+
S S (metallic) phase W
> ‘= i a -
= E 04 (non. 0.66
S © metallic)
- [o) ® 2 1 1 1 1 1
£ & 0.24 1 0 100 200
@ two-phase T (K)
0{ ® ® ®  coexistence B
205 210 215 | 0.6 07 08 0.9 FIG. 2. (Color online) Temperature dependence of p of the
Scattering vector, q, (nm ') x in LiyCoO»

FIG. 1. (Color online) XRD patterns of Li,CoO, thin films. (a)
Out-of-plane (left) and in-plane (right) XRD patterns of Lij 9,C0O,
epitaxial thin film. (b) 0003 peaks of Li,CoO, thin films. With
increasing the immersing time, the z component of the scattering
vector is decreased, from which we deduced the Li concentration x.
Phase separation is observed for the samples 0.75=x=0.87, in
which the 0003 peak can be deconvoluted into two components [red
(gray) dashed curve: a peak originating from the high Li concentra-
tion phase; blue (light gray) dashed curve: a peak originating from
the low Li concentration phase]. (c) Ratios of the high (filled circle)
and the low (empty circle) Li concentration phases deduced from
the 0003 peak analysis shown in (b).

T=240 K, indicating that the single phase samples for
x=0.70 is metallic at low 7. With increasing x, p
is increased, and a metal-nonmetal transition occurs at
x~0.8(=x,) evidenced by a change in sign in dp/dT as re-
ported previously.’”*® However, p reported herein is nearly
an order of magnitude lower than those of the polycrystalline
samples presumably due to the reduced grain-boundary ef-
fects since the CoO, layers in the planar grains are connected
laterally in the epitaxial thin films. We also note that there is
little anomaly in p at ~175 K, where the magnetic suscep-
tibility shows an anomaly for the samples having fractional
Li contents.®

In order to investigate the type of conduction, we plot
log p/p3oo k-T~' and log p/psgo xk-T~* in Figs. 2(b) and
2(c), respectively, where psgy x is the resistivity at 300 K.
The diverging behavior of p with T—0 of the x=0.87
sample is not as strong as that expected in an activated-type
conduction, pxexp(A/kgT) [A is the energy gap in the den-
sity of states (DOS) about the chemical potential, u], but is
indicative of a variable-range-hopping (VRH) conduction,
where p<exp(Ty/T)"“* (d is the dimension of the hopping
conduction*). One can see that the two-dimensional VRH
conduction, pxexp(7T,/T)"® with Ty=81 K [dashed line in
Fig. 2(c)] can reproduce the p-T curve of the x=0.87 sample
fairly well at T< 140 K(=T"), thus revealing a crossover in
the conduction at 7*.* The low-T VRH conduction of the

Li,Co0, epitaxial films. (a) A p-T plot. (b) A log p/ p3oo k-T~" plot
for evaluating the activated-type conduction. (¢) A
log p/psgo x-T~"3 plot for evaluating the two-dimensional VRH.
The dashed line indicates the linear relationship between
log p/psgo x and T-3 at T<140 K for the x=0.87 sample.

nonmetallic samples indicate that their DOS around u is fi-
nite but the states therein are weakly localized [right column
of Fig. 3(b) (Ref. 37)], most likely due to the disorder poten-
tials originating from the random distribution of the Li ions.
We do not exclude the possibility of a first-order Mott tran-
sition occurring upon increasing x>0.87 (Refs. 38 and 46)
so that an energy gap opens around u at higher Li concen-
tration due to correlation.

In contrast to Li,CoO, at x>x, exhibiting a nonmetallic
conduction, Na,CoO, at high Na concentration exhibits a
metallic conduction.'? Since the distance between the A-ion
layer and the CoO, sheet is shorter in Li,CoO, than in
Na,CoO, (Li/Na ions in Li,C0oO,/Na,CoO, are located in an
octahedral/prismatic oxygen environment®’), the low-energy
excitations occurring in the CoO, sheets of Li,CoO, may be
more strongly affected by the Li-ion disorder to show weak
localizations at x>x,., whereas those in Na,CoO, may be
less affected by the disorder so that they can propagate
through as coherent quasiparticles*’*® to show a metallic
conduction [lower left of Fig. 3(b)]. The effect of disorder of
the A-ion layers on the transport properties was also demon-
strated in Cag 33C00, thin films which can adopt two types of
Ca-ion arrangements: a defect-rich orthorhombic type and a
defect-poor hexagonal type showing nonmetallic and metal-
lic conductions, respectively.*

Figure 3(a) shows S-T curves of the Li,CoO, epitaxial
films. The positive value of S in the whole temperature and
composition range confirms that the carriers are holes in
Li,Co0O,. One can see that S is increased with increasing x
and the S-T curve of the x=0.87 sample exhibits a peak of
magnitude ~120 uV/K at ~140 K. Note that this tempera-
ture coincides with T* determined from the p-T analysis. In
the polycrystalline bulk samples, the 140 K anomaly in the
S-T curves appears as a hump feature.3”-3® The increase in §
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FIG. 3. (Color online) Temperature dependence of S. (a) S-T curves and theoretical curves for the VRH and the nearest-neighbor hopping
(see text). (b) Excitation spectra near u affected by disorder (right top), electron correlation (left bottom), and both disorder and correlation
(right bottom). The spectrum of Na,CoO, exhibits CP and incoherent part at 7<T,,, due to correlation (Refs. 47 and 48).

with x and the peak in the S-T curve at high Li concentration
are similar to those observed in Na,CoO, at high Na
concentration,'? and therefore, these features are considered
to be common for A,CoO, at high x. Such a peak in the S-T
curves were also reported in the studies of carrier-doped
transition-metal compounds®® such as  Cu,TiSe,,!
Fe;0,_,F,,>> (CaOH),C00,,> and Fe,ZrSe,.>* On the other
hand, the S-T curves for the x=0.75 samples are almost
linear in 7 up to ~100 K, indicating the metallic conduction
consistent with dp/dT>0.

The behavior of S approaching to 0 with decreasing T
instead of diverging as S«1/T of an activated-type
conduction®” further supports that the DOS of the nonmetal-
lic samples is finite around w as shown in Fig. 3(b). When
the conduction is a VRH and the DOS around u is a slowly
varying function of energy, S« 77, where p:jfi(<1),50 N
that the S-T curves exhibit negative curvatures in contrast to
ST (corresponding to p=1) of a metallic conduction. We
overlay on the S-T curve of x=0.87 in Fig. 3(a) the theoret-
ical relationship of the VRH for d=2 and 3,55 and find that
the negative curvature of the S-T curve at T<<T" is qualita-
tively reproduced by the theory. Thus, the analyses of p-T
and S-T consistently indicate that, at least at T<<T", the
transport is carried by the low-energy excitations which are
weakly localized due to disorder.

Now we investigate the origin of the crossover in the
transport at 7°~ 140 K. If the DOS is independent of T (a
rigid-band picture), T° can be understood as the onset tem-
perature of the conduction carried by the delocalized states
beyond the mobility edge [upper right of Fig. 3(b) (Ref. 56)].
However, a peak in the S-T curve also occurs in a metallic
Na,CoO, at high x,'3 and if the origin is the same as that of
Li,CoO, at x=0.87, the crossover temperature 7" should be
explained other than the VRH scenario within the rigid-band
picture, since this picture is only applicable to nonmetallic
materials. In fact, there are signatures of nonrigid-band evo-
lution of the electronic structures®’-%° and strong electron
correlations3$4%0! in Li CoO,.

We recall evidence for a crossover in the low-energy elec-
tronic excitations with 7 in the layered cobaltates: in the
angle-resolved photoemission spectra of Na,CoO, (Refs. 47
and 48) and Bi-Pb-Co-0,*” the quasiparticle peak disappears
above T.,,~200 K [left bottom of Fig. 3(b)], so that the
Bloch-Boltzmann description of the transport becomes in-
valid at T>T.,,. This may result in the crossover seen in the
transport properties, i.e., T* ~T,,;. In the case for Li,CoO, at
x>x,, the low-energy excitations in the coherent part (CP)
are further affected by the disorder to show weak
localizations [right bottom of Fig. 3(b)], and hence the VRH
conduction at 7<<T". The smallness of the renormalized
Fermi energy &~ 100 meV due to strong correlations®>~6°
may be the origin of T, as well as T° occurring at
ambient temperatures.'! The peak at 7* in the S-T curve can
occur when crossovering into a high-7 incoherent
conduction,®® where the carriers are viewed as classical par-
ticles hopping among the Co sites. Alternatively, temperature
dependence in the rate of quasiparticle scatterings with spin
fluctuations that develops in a so-called pudding-mold band
may explain the peak in the S-T curves,' and therefore, de-
termination of the band structures of A ,CoO, at high x is
necessary.

In summary, we investigated S and p of the Li,CoO, ep-
itaxial thin films which showed a two-phase coexistence at
0.75=x=0.87 similar to that reported for bulk Li,CoO,.
The resistivities were nearly an order of magnitude lower
than those of the bulk polycrystals, presumably due to the
reduction in the grain boundary effects in the epitaxial films.
First, a metal-nonmetal transition occurred at x~ 0.8 in the
biphasic domain, similar to those reported for bulk Li,CoO,.
The nonmetallic conduction at high Li concentration implies
that the Li-ion layers not only act as a charge reservoir for
the CoO, sheets but also act as a source of disorder that
strongly influence the conduction. Therefore, manipulating
the strength of disorder through, e.g., changing the distance
between the A-ion layer and the CoO, sheet would be a key
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to achieve high TE performance in A,CoO,. Second, we
showed that the conduction of the nonmetallic samples ex-
hibited an anomaly at 7"~ 140 K, where the p-T curve de-
viated from the temperature dependence of the VRH and S
showed a drastic increase resulting into a peak in the S-7
curve at high Li concentration. We attributed 7" to a cross-
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over temperature from a low-7 VRH conduction to a high-T
incoherent conduction influenced by strong electron correla-
tions.

The authors acknowledge T. Nonaka, Y. Okamoto, and M.
Uchida for informative discussion.

*Corresponding author; ishida@spring8.or.jp
fCorresponding author; h-ohta@apchem.nagoya-u.ac.jp
'G. Mahan, B. Sales, and J. Sharp, Phys. Today 50(3), 42 (1997).
21, Terasaki, Y. Sasago, and K. Uchinokura, Phys. Rev. B 56,
R12685 (1997).
3D. J. Singh, Phys. Rev. B 61, 13397 (2000).
4W. Koshibae, K. Tsutsui, and S. Maekawa, Phys. Rev. B 62,
6869 (2000).
Y. Wang, N. S. Rogado, R. J. Cava, and N. P. Ong, Nature
(London) 423, 425 (2003).
0. 1. Motrunich and P. A. Lee, Phys. Rev. B 69, 214516 (2004).
7J. O. Haerter, M. R. Peterson, and B. S. Shastry, Phys. Rev. Lett.
97, 226402 (2006).
8P. Limelette, S. Hebert, V. Hardy, R. Fresard, C. Simon, and A.
Maignan, Phys. Rev. Lett. 97, 046601 (2006).
°H. J. Xiang and D. J. Singh, Phys. Rev. B 76, 195111 (2007).
10K, Kuroki and R. Arita, J. Phys. Soc. Jpn. 76, 083707 (2007).
11y, Ishida, H. Ohta, A. Fujimori, and H. Hosono, J. Phys. Soc.
Jpn. 76, 103709 (2007).
I2R. Ishikawa, Y. Ono, Y. Miyazaki, and T. Kajitani, Jpn. J. Appl.
Phys., Part 2 41, L337 (2002).
3M. Lee, L. Viciu, L. Li, M. L. Foo, S. Watauchi, R. A. P. JR, R.
J. Cava, and N. P. Ong, Nature Mater. 5, 537 (2006).
14T, Kanno, S. Yotsuhashi, and H. Adachi, Appl. Phys. Lett. 85,
739 (2004).
5K, Sugiura, H. Ohta, K. Nomura, M. Hirano, H. Hosono, and K.
Koumoto, Appl. Phys. Lett. 88, 082109 (2006).
16A. C. Masset, C. Michel, A. Maignan, M. Hervieu, O. Toulem-
onde, F. Studer, B. Raveau, and J. Hejtmanek, Phys. Rev. B 62,
166 (2000).
7R, Funahashi, I. Matsubara, and S. Sodeoka, Appl. Phys. Lett.
76, 2385 (2000).
18K. Sugiura, H. Ohta, K. Nomura, M. Hirano, H. Hosono, and K.
Koumoto, Appl. Phys. Lett. 89, 032111 (2006).
19K. Takada, H. Sakurai, E. Takayama-Muromachi, F. Izumi, R. A.
Dilanian, and T. Sasaki, Nature (London) 422, 53 (2003).
20M. L. Foo, Y. Wang, S. Watauchi, H. W. Zandbergen, T. He, R.
J. Cava, and N. P. Ong, Phys. Rev. Lett. 92, 247001 (2004).
2IM. Roger, D. J. P. Morris, D. A. Tennant, M. J. Gutmann, J. P.
Goff, J.-U. Hoffmann, R. Feyerherm, E. Dudzik, D. Prabhaka-
ran, A. T. Boothroyd, N. Shannon, B. Lake, and P. P. Deen,
Nature (London) 445, 631 (2007).
2y, Sugiyama, J. H. Brewer, E. J. Ansaldo, B. Hitti, M. Mikami, Y.
Mori, and T. Sasaki, Phys. Rev. B 69, 214423 (2004).
23S. P. Bayrakei, I. Mirebeau, P. Bourges, Y. Sidis, M. Enderle, J.
Mesot, D. P. Chen, C. T. Lin, and B. Keimer, Phys. Rev. Lett.
94, 157205 (2005).
M. Weller, A. Sacchetti, H. R. Ott, K. Mattenberger, and B.
Batlogg, Phys. Rev. Lett. 102, 056401 (2009).

2M.-H. Julien, C. de Vaulx, H. Mayaftre, C. Berthier, M. Hor-
vatic, V. Simonet, J. Wooldridge, G. Balakrishnan, M. R. Lees,
D. P. Chen, C. T. Lin, and P. Lejay, Phys. Rev. Lett. 100,
096405 (2008).

26W. D. Johnston, R. R. Heikes, and D. Sestrich, J. Phys. Chem.
Solids 7, 1 (1958).

2T A. Mendiboure, C. Delmas, and P. Hagenmuller, Mater. Res.
Bull. 19, 1383 (1984).

28K Mizushima, P. C. Jones, P. J. Wiseman, and J. B. Good-
enough, Mater. Res. Bull. 15, 783 (1980).

29K. Nakamura, H. Ohno, K. Okamura, Y. Michihiro, T. Moriga, L.
Nakabayashi, and T. Kanashiro, Solid State Ionics 177, 821
(2006).

30E. Antolini, Solid State Ionics 170, 159 (2004).

31C. de Vaulx, M.-H. Julien, C. Berthier, S. Hebert, V. Pralong, and
A. Maignan, Phys. Rev. Lett. 98, 246402 (2007).

32K. Mukai, Y. Ikedo, H. Nozaki, J. Sugiyama, K. Nishiyama, D.
Andreica, A. Amato, P. L. Russo, E. J. Ansaldo, J. H. Brewer, K.
H. Chow, K. Ariyoshi, and T. Ohzuku, Phys. Rev. Lett. 99,
087601 (2007).

3. T. Hertz, Q. Huang, T. McQueen, T. Klimczuk, J. W. G. Bos,
L. Viciu, and R. J. Cava, Phys. Rev. B 77, 075119 (2008).

3+M. Ménétrier, D. Carlier, M. Blangero, and C. Delmas, Electro-
chem. Solid-State Lett. 11, A179 (2008).

35T. Motohashi, T. Ono, Y. Sugimoto, Y. Masubuchi, S. Kikkawa,
R. Kanno, M. Karppinen, and H. Yamauchi, Phys. Rev. B 80,
165114 (2009).

36 A Honders, J. M. der Kinderen, A. H. van Heeren, J. H. de Wit,
and G. H. J. Broers, Solid State Ionics 14, 205 (1984).

373, Molenda, A. Stoklosa, and T. Bak, Solid State Ionics 36, 53
(1989).

3M. Ménétrier, I. Saadoune, S. Levasseur, and C. Delmas, J.
Mater. Chem. 9, 1135 (1999).

3 A. Mizutani, K. Sugiura, H. Ohta, and K. Koumoto, Cryst.
Growth Des. 8, 755 (2008).

40H. Ohta, K. Nomura, M. Orita, M. Hirano, K. Ueda, T. Suzuki,
Y. Ikuhara, and H. Hosono, Adv. Funct. Mater. 13, 139 (2003).

41H. Ohta, S.-W. Kim, S. Ohta, K. Koumoto, M. Hirano, and H.
Hosono, Cryst. Growth Des. 5, 25 (2005).

423 N. Reimers and J. R. Dahn, J. Electrochem. Soc. 139, 2091
(1992).

43 Epitaxial strain is considered to be small since an amorphous
Na-Al-O layer can be formed at the interface of the film and the
substrate (Ref. 39).

#N. F. Mott, Metal-Insulator Transitions, 2nd ed. (Taylor & Fran-
cis, New York, 1990).

45 A two-dimensional VRH is likely concerning the anisotropic
transport observed in metallic Na,CoO,, see, K. Sugiura, H.
Ohta, S. Nakagawa, R. Huang, Y. Ikuhara, K. Nomura, H.

075325-4


http://dx.doi.org/10.1063/1.881752
http://dx.doi.org/10.1103/PhysRevB.56.R12685
http://dx.doi.org/10.1103/PhysRevB.56.R12685
http://dx.doi.org/10.1103/PhysRevB.61.13397
http://dx.doi.org/10.1103/PhysRevB.62.6869
http://dx.doi.org/10.1103/PhysRevB.62.6869
http://dx.doi.org/10.1038/nature01639
http://dx.doi.org/10.1038/nature01639
http://dx.doi.org/10.1103/PhysRevB.69.214516
http://dx.doi.org/10.1103/PhysRevLett.97.226402
http://dx.doi.org/10.1103/PhysRevLett.97.226402
http://dx.doi.org/10.1103/PhysRevLett.97.046601
http://dx.doi.org/10.1103/PhysRevB.76.195111
http://dx.doi.org/10.1143/JPSJ.76.083707
http://dx.doi.org/10.1143/JPSJ.76.103709
http://dx.doi.org/10.1143/JPSJ.76.103709
http://dx.doi.org/10.1143/JJAP.41.L337
http://dx.doi.org/10.1143/JJAP.41.L337
http://dx.doi.org/10.1038/nmat1669
http://dx.doi.org/10.1063/1.1776310
http://dx.doi.org/10.1063/1.1776310
http://dx.doi.org/10.1063/1.2178768
http://dx.doi.org/10.1103/PhysRevB.62.166
http://dx.doi.org/10.1103/PhysRevB.62.166
http://dx.doi.org/10.1063/1.126354
http://dx.doi.org/10.1063/1.126354
http://dx.doi.org/10.1063/1.2234277
http://dx.doi.org/10.1038/nature01450
http://dx.doi.org/10.1103/PhysRevLett.92.247001
http://dx.doi.org/10.1038/nature05531
http://dx.doi.org/10.1103/PhysRevB.69.214423
http://dx.doi.org/10.1103/PhysRevLett.94.157205
http://dx.doi.org/10.1103/PhysRevLett.94.157205
http://dx.doi.org/10.1103/PhysRevLett.102.056401
http://dx.doi.org/10.1103/PhysRevLett.100.096405
http://dx.doi.org/10.1103/PhysRevLett.100.096405
http://dx.doi.org/10.1016/0022-3697(58)90175-6
http://dx.doi.org/10.1016/0022-3697(58)90175-6
http://dx.doi.org/10.1016/0025-5408(84)90204-6
http://dx.doi.org/10.1016/0025-5408(84)90204-6
http://dx.doi.org/10.1016/0025-5408(80)90012-4
http://dx.doi.org/10.1016/j.ssi.2006.02.021
http://dx.doi.org/10.1016/j.ssi.2006.02.021
http://dx.doi.org/10.1016/j.ssi.2004.04.003
http://dx.doi.org/10.1103/PhysRevLett.98.246402
http://dx.doi.org/10.1103/PhysRevLett.99.087601
http://dx.doi.org/10.1103/PhysRevLett.99.087601
http://dx.doi.org/10.1103/PhysRevB.77.075119
http://dx.doi.org/10.1149/1.2968953
http://dx.doi.org/10.1149/1.2968953
http://dx.doi.org/10.1103/PhysRevB.80.165114
http://dx.doi.org/10.1103/PhysRevB.80.165114
http://dx.doi.org/10.1016/0167-2738(84)90100-0
http://dx.doi.org/10.1016/0167-2738(89)90058-1
http://dx.doi.org/10.1016/0167-2738(89)90058-1
http://dx.doi.org/10.1039/a900016j
http://dx.doi.org/10.1039/a900016j
http://dx.doi.org/10.1021/cg060637f
http://dx.doi.org/10.1021/cg060637f
http://dx.doi.org/10.1002/adfm.200390020
http://dx.doi.org/10.1021/cg049818c
http://dx.doi.org/10.1149/1.2221184
http://dx.doi.org/10.1149/1.2221184

METAL-NONMETAL TRANSITION IN Li,CoO,...

Hosono, and K. Koumoto, Appl. Phys. Lett. 94, 152105 (2009).

46C. A. Marianetti, G. Kotliar, and G. Ceder, Nature Mater. 3, 627
(2004).

4TT. Valla, P. D. Johnson, Z. Yusof, B. Wells, Q. Li, S. M. Loureiro,
R. J. Cava, M. Mikami, Y. Mori, M. Yoshimura, and T. Sasaki,
Nature (London) 417, 627 (2002).

M. Z. Hasan, Y.-D. Chuang, D. Qian, Y. W. Li, Y. Kong, A. P.
Kuprin, A. V. Fedorov, R. Kimmerling, E. Rotenberg, K. Ross-
nagel, Z. Hussain, H. Koh, N. S. Rogado, M. L. Foo, and R. J.
Cava, Phys. Rev. Lett. 92, 246402 (2004).

YK, Sugiura, H. Ohta, Y. Ishida, R. Huang, T. Saito, Y. Ikuhara, K.
Nomura, H. Hosono, and K. Koumoto, Appl. Phys. Express 2,
035503 (2009).

01, P. Zvyagin, in Hopping Transport in Solids, Modern Problems
in Condensed Matter Sciences Vol. 28, edited by M. Pollak and
B. Shklovskii (North-Holland, Amsterdam, 1991).

>1G. Wu, H. X. Yang, L. Zhao, X. G. Luo, T. Wu, G. Y. Wang, and
X. H. Chen, Phys. Rev. B 76, 024513 (2007).

52H. Graener, M. Rosenberg, T. E. Whall, and M. R. B. Jones,
Philos. Mag. B 40, 389 (1979).

33M. Shizuya, M. Isobe, Y. Baba, T. Nagai, M. Osada, K. Kosuda,
S. Takenouchi, Y. Matsui, and E. Takayama-Muromachi, J. Solid
State Chem. 180, 249 (2007).

54M. A. Buhannic, M. Danot, P. Colombet, P. Dordor, and G. Fil-
lion, Phys. Rev. B 34, 4790 (1986).

>1f we use the relationship, S=S,.,,,% 7”7, where S.,,, is a correla-
tion contribution (Ref. 8), we get better a better fit to the data,

PHYSICAL REVIEW B 82, 075325 (2010)

although with an unphysically large negative value of S,
Therefore, we set S,,,,=0.

36Within this picture, the S-T curve of x=0.87 at T>T" can be
explained by an activated-type conduction such as a nearest-
neighbor hopping, S-Sy T~!, where S, is a constant, see Fig.
3(a) and Refs. 53 and 54.

S7C. Wolverton and A. Zunger, Phys. Rev. Lett. 81, 606 (1998).

S8L.. A. Montoro, M. Abbate, and J. M. Rosolen, Electrochem.
Solid-State Lett. 3, 410 (2000).

D. G. Kellerman, V. R. Galakhov, A. S. Semenova, Y. N. Bli-
novskov, and O. N. Leonidova, Phys. Solid State 48, 548
(2006).

%Y, Ishida, T. Baba, R. Eguchi, M. Matsunami, M. Taguchi, A.
Chainani, Y. Senba, H. Ohashi, Y. Okamoto, H. Takagi, and S.
Shin, Phys. Rev. B 80, 081103(R) (2009).

617, van Elp, J. L. Wieland, H. Eskes, P. Kuiper, G. A. Sawatzky, F.
M. F. de Groot, and T. S. Turner, Phys. Rev. B 44, 6090 (1991).

2], Chaloupka and G. Khaliullin, Phys. Rev. Lett. 99, 256406
(2007).

63V. Brouet, A. Nicolaou, M. Zacchigna, A. Tejeda, L. Patthey, S.
Hebert, W. Kobayashi, H. Muguerra, and D. Grebille, Phys. Rev.
B 76, 100403(R) (2007).

%4C. A. Marianetti and G. Kotliar, Phys. Rev. Lett. 98, 176405
(2007).

65A. Georges, G. Kotliar, W. Krauth, and M. J. Rozenberg, Rev.
Mod. Phys. 68, 13 (1996).

66W. Koshibae and S. Maekawa, Phys. Rev. Lett. 87, 236603
(2001).

075325-5


http://dx.doi.org/10.1063/1.3119631
http://dx.doi.org/10.1038/nmat1178
http://dx.doi.org/10.1038/nmat1178
http://dx.doi.org/10.1038/nature00774
http://dx.doi.org/10.1103/PhysRevLett.92.246402
http://dx.doi.org/10.1143/APEX.2.035503
http://dx.doi.org/10.1143/APEX.2.035503
http://dx.doi.org/10.1103/PhysRevB.76.024513
http://dx.doi.org/10.1080/13642817908246380
http://dx.doi.org/10.1016/j.jssc.2006.10.014
http://dx.doi.org/10.1016/j.jssc.2006.10.014
http://dx.doi.org/10.1103/PhysRevB.34.4790
http://dx.doi.org/10.1103/PhysRevLett.81.606
http://dx.doi.org/10.1149/1.1391162
http://dx.doi.org/10.1149/1.1391162
http://dx.doi.org/10.1134/S106378340603022X
http://dx.doi.org/10.1134/S106378340603022X
http://dx.doi.org/10.1103/PhysRevB.80.081103
http://dx.doi.org/10.1103/PhysRevB.44.6090
http://dx.doi.org/10.1103/PhysRevLett.99.256406
http://dx.doi.org/10.1103/PhysRevLett.99.256406
http://dx.doi.org/10.1103/PhysRevB.76.100403
http://dx.doi.org/10.1103/PhysRevB.76.100403
http://dx.doi.org/10.1103/PhysRevLett.98.176405
http://dx.doi.org/10.1103/PhysRevLett.98.176405
http://dx.doi.org/10.1103/RevModPhys.68.13
http://dx.doi.org/10.1103/RevModPhys.68.13
http://dx.doi.org/10.1103/PhysRevLett.87.236603
http://dx.doi.org/10.1103/PhysRevLett.87.236603

