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We measured and analyzed the transport properties of single-crystal,®aCahich is a metallic
transition-metal oxide consisting of a two-dimensional triangle lattice of Co. Reflecting the crystal structure,
the resistivity is highly anisotropic between in- and out-of-plane directions, and the in-plane resistivity is as
low as 200w} cm at 300 K. Most strikingly, the in-plane thermoelectric power of Na@gpis about 100
uVIK at 300 K, which is nearly ten times larger than that of typical metals. The large thermoelectric power and
the low resistivity suggest that Nago, is a potential thermoelectric materig60163-182807)52144-§

The discovery of high-temperature superconductorsts one order of magnitude larger thermoelectric po(i€0
(HTSC'9 (Ref. 1) encouraged scientists to hunt for unknown w/K at 300 K) than HTSC's, while it has as low resistivity
materials that are scientifically interesting and/or technologi{200 . cm at 300 K as HTSC's. These parameters show
cally important. In fact, new materials and new phenomenahat NaCgQO, is a promising candidate for thermoelectric
were discovered one after another in the past detale. material®’ Furthermore it has as low mobility as met&ls
have been investigating a new material as a reference fam?/V s at 300 K, which is strikingly against the common
HTSC's, and have paid attention to Nag®d,. NaCo,0O,  sense that dirty conductors are not suitable for thermoelectric
belongs to a bronze-type compound expressed 40, materials> According to this result, thermoelectric materials
(0.5=x=<1), which was first identified by Jansen and can be discovered in the opposite direction of the previous
Hoppe? An important similarity to HTSC's is that NaGO, guiding principle that good thermoelectric materials will be
is a layered transition-metal oxide as is schematically shown
in Fig. 1(a), where Na(50% occupiegland CoQ, are alter-
nately stacked along theaxis. Thus the physical properties
are expected to be highly two dimensioridD). However,
the CoQ, layer is different in structure from the CyQayer clE ] Co0
of HTSC's; the former is a 2D triangle lattice shown in Fig. 0
1(b), and the latter is a 2D square lattice. Recently Tanaka, Naos

Nakamura, and lidh have shown that polycrystalline c Z%////////% Co02 a b

NaCo,0, is a good metal down to 12 K, whereas it shows 4[

Curie-Weiss-like susceptibility instead of the Pauli paramag- Nags N QT g
netism. According to their results, Nag0 , can be regarded 3 c a

as a doped 2D triangle spin lattice, which is worth comparing (a) (b)
with the CuGQ, layer.

We have studied the transport properties of single-crystal FIG. 1. A schematic picture of the crystal structure of NgGp
NaCo,0,, and have found, most unexpectedly, that it exhib-(a) The layered structurdb) the CoG, layer.

Naogs
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FIG. 2. (8 In-plane {p,) and out-of-plane f4.) resistivity of
NaCo,0, single crystals(b) In-plane thermoelectric powefsj of
NaCo,0, single crystal. The inset shows the in-plane Hall coeffi-
cient (Ry) of NaCo,0, single crystal.

found in narrow-gap semiconductors with high mobility.
Single crystals of NaCg0, were prepared by a NaCl-

flux technique. A mixture of high-purity powders

(Na,CO5:C0;04:NaCl=1:1:5~6) was ground in an AlO,

crucible, heated at 1050 °C for 5 h, and slowly cooled down
to 850 °C by 2.5-5°C/h. The grown crystals were then
washed in water to remove the NaCl flux. The crystals Were%

thin along thec axis with a typical dimension of 1%61.5
x0.02 mm®
Resistivity was measured with a dc currémf 1-5 mA

in a four-probe configuration along the in-plane direction

(ILc), and in a ring configuration along the out-of-plane

direction (|/c). Thermoelectric power was measured only
along the in-plane direction, where one edge of the sampl
was pasted on a sapphire plate with the other pasted on

sheet heater. Temperatur€)(was monitored by two diode
thermometers attached on the edges. The contribution
copper leads was carefully subtracted.

Figure Za) shows the in-planeg) and out-of-plane ;)
resistivities of NaCgO, crystals. The resistivity is aniso-
tropic in magnitude, and in th& dependence as well. The
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TABLE I. Various physical parameters for Nag, and BbTe;
(Ref. 6 at 300 K.p, S, andu are resistivity, thermoelectric power,
and mobility, respectively. Note thatand S of NaCo,0, are the
in-plane data.

Parameters Unit NaG®, Bi,Tes
p m{) cm 0.2 1
|S| uVIK 100 200
Slp uW/K? cm 50 40
i cm?/V's 13 150

plying thatS cannot be explained by a simple free-electron
picture!® The largeS accompanied by low, suggests that
NaCo,0, is applicable to thermoelectric devices.

A thermoelectric device is a device that converts heat into
electric energy through the thermoelectric power of salids.
It also converts electric energy into heat through the Peltier
effect! Since there is no theoretical upper limit|&, it can
be, in principle, as efficient as any other energy-conversion
systems. In addition, the lifetime of the device can be as long
as the lifetime of the material from which the device is made.
More importantly, the device is environmentally friendly in
the sense that it produces essentially no waste matter. For a
thermoelectric application, lard&| and lowp are required.
Usually |S| andp are larger for smaller carrier densitp),
and the output power takes a maximum at an optimal density
no (~10'° cm™3), which corresponds tm for doped
semiconductorsIn the fixedn,, only the way to get lowp is
o find a material with high mobility £). Consequently
semiconductors witi, and highu (102-10° cm?/V s) have
been applied to thermoelectric devices.

A significant feature in NaCg0, is that it has loweru
than doped semiconductors. Here we will show a rough es-
timate of x at 300 K using the Boltzmann theory of metals

nd the effective-mass approximation, wheris T indepen-
ent andu o/« 1/p. First let us evaluate the in-plane mean
free path/,. As mentioned above, the maximum @f (12

JpQ cm) indicates/.~c' =5.4 A, and we get’.~ 16 A at

4.2 K (pe~4 mQ cm). Then using”,// c~vElvE~\pelpa
(whereuv is the Fermi velocity along thiedirection, we get
/a~16X200~230 A at 4.2 K. The next step is to obtain
k-/, from the equation ok’ /,=hc'/e?p,, wherek}, h,

ratio of the resistivitieg/p, is around 200 at 4.2 K, which ande is the in-plane Fermi wave number, the Planck con-

is comparable to the values for ba,Sr,CuO, (Ref. 8§ and  stant, and unit charge, respectively. Note that we assume the

Sr,RUO, (Ref. 9. The electronic states can be thus regarded®D conduction along the axis!® By substitutingp,=20

as quasi-2D, as was expected from the layered structure. Theflcm, we gek’/,~70 at 4.2 K. Finallyu is calculated as

T dependence o, is consistent with Ref. 4, and the mag- u~2mwe/ y/hki~120 cn?/Vs at 4.2 K, andu at 300 K is

nitude is as low ag, of typical HTSC's. It should be em- estimated to be 13 cAV s (p,~180 w2 cm). This result

phasized thap, shows a crossover near 200 K from metallic quantitatively agrees with measured Hall coefficient

to semiconducting behavior with increasifig This is simi-  (|Ry|~2x 103 cm®/C at 4.2 K. The obtainedu is much

lar to p of Sr,Ru0,,'° where the semiconducting, at high  lower thanu of semiconductors, and in this context we re-

T is understood as incoherent hopping owing’ie<c’ [/,  gard NaCgO, as a dirty conductor.

is thec-axis mean free path, ard is the interlayer spacing In Table I, various parameters of Nag®, are compared

shown in Fig. 1a)]. with those of BiTes,° a typical thermoelectric material. Al-
Figure Zb) shows the in-plane thermoelectric pow&) (  thoughS is smaller in NaCgO, than in Bi,Teg, p is also

of NaCo,0,. The magnitude o is 100 xV/K at 300 K,  lower to make the power factoiSt/p) comparable. A re-

which is about ten times larger than a typi€adf metals and markable difference is that is one order of magnitude

HTSC’s!! Furthermore, the sign & is opposite to the sign lower in the former than in the latter, indicating that a dirty

of the Hall coefficient shown in the inset of Fig(t?,'>im-  conductor can be as efficient as other thermoelectric materi-
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als. The lowu with the low p means that NaCg, has In summary, we prepared single crystals of metallic lay-
much largem than Bi,Tes, and thatS is not simply deter- ered transition-metal oxide NaGO,, and measured the an-

mined byn. If so, S andp can be changed independently, isotropic resistivities and thermoelectric power. We have
which may break through the limitation derived from the found that the in-plane thermoelectric power is unusually

conventional theories. large (100 xV/K at 300 K), while the in-plane resistivity is

Finally we point out two future issuegi) The origin of quite low (200 u€) cm at 300 K. These results indicate that

the I_arge| Sis an open qu_eonn._A pos_smle Scenario 1s .thatNaC0204 is a potential thermoelectric material, whose
S arises from spin fluctuation, as is similar to heavy fermions

and/or valence-fluctuation systeffsThe T dependence of power factor is_ comparabl_e to a typical thermoelectric mate-
p, andSis, at least qualitatively, consistent with the theories'@l Such as BjTes. Most importantly, NaCgO, has rela-

of 2D metals with spin fluctuation by Moriya, Takahashi, tively low mobility (13 cm?/Vs at 300 K, which is strik-
and Ued& and by Miyake and Narikiyd® (i) In additionto ~ ingly against the common sense that a low-mobility
large|S| and lowp, low thermal conductivity ) is required  conductor cannot be a thermoelectric material. This implies
for a real thermoelectric applicatidAWe did not measure  that a new thermoelectric material may exist beyond the pre-
in the present study, and thus it should be further examinedious guiding principle.

whether NaCgQO, is really better for application. Actually a _ ) ) _

new thermoelectric material IrSbshows largerS?/p than We would like to thank H. Yakabe for fruitful discussions

Bi,Te,, 1 but shows les$?/ p« because of its high thermal ©N thermoelectric materials, and I. Tsukada for stimulating
conductivity” In a preliminary study® however, polycrys- discussions on NaG®,. We also appreciate T. Samuka-
talline NaCo,0, shows as lowk (~15 mW/cm K at 300 K~ wa’s collaboration at the early stage of this study. This work
as Bi,Te; and, hopefully, it will be qualified as a new ther- was partially supported by NEDO for R&D of Industrial
moelectric material. Science and Technology Frontier Program.
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