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Various physical quantities were measured and analyzed for the Cu-substituted thermoelectric oxide
NaCao_,Cu,0,. As was previously known, the substituted Cu enhances the thermoelectric power, while it does
not increase the resistivity significantly. The susceptibility and the electron specific heat are substantially
decreased with increasing which implies that the substituted Cu decreases the effective-mass enhancement.
Through a quantitative comparison with the heavy-fermion compounds and the valence-fluctuation systems,
we have found that the Cu substitution effectively increases the coupling between the conduction-electron and
the magnetic fluctuations. The Cu substitution induces a phase transition at 22 K that is very similar to a
spin-density-wave transition.
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. INTRODUCTION quite resembles that of ®&,X,."
A prime example for the difficulties of the one-electron

Recently layered cobalt oxides have been extensively inpicture is observed in the Cu-substitution effects in
vestigated as promising candidates for thermoelectric mateNaCg,0,.2* The thermopower of NaGa,CuO, is signifi-
rial. The thermoelectric material is a material that showscantly enhanced, while the resistivity is nearly independent
large thermopowerS), low resistivity (p), and low thermal of x. This is quite surprising in comparison with normal im-
conductivity (x),! and a quantity ofZ=S?/p« called the purity effects in a metal. The doped impurity acts as a scat-
figure of merit characterizes the thermoelectric conversiofi€ring center in usual cases, and does not make a significant
efficiency. A thermoelectric device can generate electricchange in thermopower, because itis a quantity of the zeroth
power from heat through the Seebeck effect, and can pum@rder of scattering time. Indeed this is what was observed in
heat through the Peltier effect. Thus far oxides have beeRigh-temperature superconductétsmportantly, correlation

regarded as unsuitable for thermoelectric application becau&ifects can explain the large impurity effect on the ther-
of their poor mobility, but some years ago Terasakil. mopower, similar to the case of dilute magnetic all&yn

found that a single crystal of the layered oxide NaGp this paper, we report on measurement of specific he_at, Sus-

. . N ceptibility, Hall coefficient, and transverse magnetoresistance
exhibits good thermoelectric performarfceFujita et al. for NaCo.. .Cw.O, polvervstalline samples. and discuss the
showed that the dimensionless figure of me£it of a % -xUa POIYCTY pies,

NaCo,0, single crystal exceeds unity at=1000 K2 and Cu-substitution effects quantitatively.
Ohtakiet al* measured T~0.8 at 1000 K even in the poly-
crystalline samples of NaG0®,. Thus this compound is
quite promising for thermoelectric power generation at high  Polycrystalline samples of NaCo,_,Cu,0O, (x=0, 0.1,
temperature. 0.2 and 0.3 were prepared through a solid-state reaction. A
Following NaCgO,, other layered cobalt oxides, stoichiometric amount of N&O;, C0;04, and CuO was
Ca-Co-0°8 Bi-Sr-Co-0* and TI-Sr-Co-O'?> have been mixed and calcined at 860°C for 12 h in air. The product
found to show good thermoelectric performance. In particuwas finely ground, pressed into a pellet, and sintered at
lar, Funahashét al® showedZT>1 at 1000 K for Ca-Co-O. 920°C for 12 h in air. Since Na tends to evaporate during
The most important feature is that the Gtiype triangular calcination, we added 20% excess Na. Namely, we expected
Co0, block is common to the layered cobalt oxides. Wesamples of the nominal composition of N&o,_,Cu,O,4 to
have proposed that the high thermoelectric performance die NaCeg_,CuO,.
the layered cobalt oxides cannot be explained by a conven- The x-ray diffraction was measured using a standard dif-
tional band picture based on the one-electron approximatioritactometer with FeK, radiation as an x-ray source in the
but is understood in terms of the strong electron-electrord—26 scan mode. The resistivity was measured through a
correlation effects, similar to the case of heavy-fermion comfour-terminal method, and the thermopower was measured
pounds. In fact the material dependence of the thermopowarsing a steady-state technique with a typical temperature gra-

Il. EXPERIMENT
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FIG. 1. The x-ray-diffraction patterns of the polycrystalline

samples of NaGa ,Cu,O,. The FeK., is used as an x-ray Source. steeper below 22 K, the density of states the carrier con-

centration decreases below 22 K.
Figure 2Zb) shows the temperature dependence of the

dient of 0.5 K/cm. The Hall coefficientRy) and the trans- thermopower for NaCa ,Cu.O,. Thermopower increases
verse magnetoresistance were measured from 15to 100 K in., . P . . X ha- P
ith increasingx with a dip near 22 K and a peak near

a closed cycle refrigerator inserted into a room-temperatur 0-15 K. A iouslv sh din th vsis f
bore of a liquid-He free superconducting magnet. To elimi-_ _ 5> K ms we previously showed in the analysis for
Bi-Sr-Co-O;™ the low-temperature thermopowég) of the

nate the unwanted voltage arising from the misalignment o - X . e .
the voltage pads, the magnetic field was swept fromto 7 layered Co oxides is determined by the diffusive term that is

T with a typical period of 20 min at constant temperaturesProportional to temperaturer§. Accordingly S/T is an es-
with a stability of 10 mK. The specific heat was measuredsential parameter similarly to the electron specific-heat coef-
using a standard relaxation method with a mechanical hedicient. Thus, the dip, rather than the peak, is a meaningful
switch. The mass of the samples used for the measurementt@mperature, which corresponds to the onset of the enhance-
typically 1000 mg and the heat capacity of the samples ignent inS/T at low temperatures. It should be emphasized
always more than two orders-of-magnitude larger than théhat the dip temperature is nearly the same as the kink tem-
heat capacity of glue. The susceptibility was measured with @erature for the resistivity, which strongly suggests that this
superconducting quantum interference device susceptometamperature is related to a kind of phase transition.
in a magnetic field of 1 T. Figure 3a) shows the specific he@t for NaCag,_,Cu,0,.
In order to emphasize thElinear electron specific heat, we
plot C/T as a function of temperature. As shown in Fi¢g)3
the C/T value & 2 K decreases with increasing the Cu con-
Figure Xa) shows the x-ray-diffraction patterns of the tent from O to 0.2, which means a decrease in the electron
prepared samples of Naga,CuO,. Almost all the peaks specific-heat coefficienty with x. (For the sample ofx
are indexed as thg phaset”'®though a small amourap- ~ =0.3, theC/T value increases again, which might be due to
proximately less than 5%of unreacted Cg0, is observed. an extrinsic origin such as the solid-solution limit of Cu.
With increasing Cu contert, no additional peak appears, Sincevy is proportional to the density of states and the mass-
with the patterns unchanged, which shows that Cu is substenhancement factor, the present results indicate that either or
tuted for Co. However, the sample »£0.3 shows a higher both decrease with the Cu substitution. As for high tempera-
background noise, indicating that the crystal quality becometures, all the data show a peak near 30 K which is the anti-
worse, possibly owing to the limit of solid solution with Cu. ferromagnetic transition of the unreacted;Og, as shown
Figure Za) shows the temperature dependence of the reby the solid curvé’ As mentioned above, the x-ray-
sistivity for NaCg_,Cu,0,. All the samples are metallic diffraction patterns reveal less than 5 at.% of unreacted
down to 4.2 K without any indication of localization. It Co030,4, which is consistent with the peak height of the spe-
should be noted that the increased resistivity due to the sulsific heat at 30 K. We should emphasize here that the exis-
stituted Cu is of the order of 1 cm for 1 at.% Cu, tence of CgO, does not seriously affect the estimationyof
which is anomalously small in the layered transition-metalbecause th€/T value for CgQ, is negligibly small at low
oxides!® Another important feature is that the resistivity for temperatures. Fox=0.2 and 0.3, another peak appears in
the Cu-substituted samples shows a kink near 22 K as indihe specific heat near 22 K, which is close to the kink tem-
cated by the dotted line. Since the temperature dependencepsrature irp, and the dip temperature £ We thus conclude

Ill. RESULTS
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tanceAp/p of polycrystalline samples of NaGo,Cu,O,.
FIG. 3. (a) The specific hea€ and (b) the susceptibilityy of g !

polycrystalline samples of NaGo,Cu,O,. Note thatC/T is plotted 4(b). By taking a closer look at the dependence, one can

in order to emphasize the electron specific-heat coefficjerithe : . :
; see that the negative magnetoresistance is gradually sup-
m 0, 0,
samples include 5% of unreacted £y, and the data for 5% pressed by the substituted Cu. This implies that the kink of

Co;0, taken from Refs. 20 and 21 are plotted by the solid curves, LA - L
%4 P 4 the resistivity is more or less smeared against magnetic field,

that the 22-K anomaly comes from (aecond-ordérphase  Which suggests that the magnetic field suppresses the 22-K

transition. transition.
Figure 3b) shows the susceptibility x) of
NaCo_,Cu0,. The substituted Cu also decreases the sus- IV. DISCUSSION

ceptibility, indicating the decrease of the density of states

and/or the mass-enhancement factor. A broad hump near 30 Before going into details, we will begin with a brief re-
K is due to the antiferromagnetic transition of the unreacted/iew on the electronic states of Nagay. As is well known,
C03O4, as shown by the solid Cur\;éjnterestingw, there is the fivefold-degeneralléOrbitals Sp'lt into twofold- eg) and

no anomaly near 22 K in the susceptibility, suggesting thathreefold- ¢,4) degenerate levels in an oxygen octahedron.
the transition at 22 K is not the magnetic transition of impu-In the real triangular Co©block, the octahedron is com-
rity phases. We further note that the Curie-like contributionpressed along the direction, and the degeneracy is further
is absent in the susceptibility at low temperatures, whichquenched, where the loweg, levels split intoeg and ayg
shows that magnetic impurities are unlikely to exist otherlevels. The lowere, levels correspond to the orbital spread
than CqO,. Quantitatively, the decrease gfby Cu is more  along the Co@ block to make a relatively broad band, while
moderate than that &&/T. C/T decreases by a factor of 10 the a;4 orbital is spread along the direction to make a
from x=0 to 0.2, whereag decreases only by a factor of 2. nearly localized narrow band. Since each Co ion is+3.5
This implies that the 22-K transition causes a dramatic rewith (3d)>?, the highest occupied orbital & 4 in the atomic
duction of the electron entropy possibly owing to alimit, and the main part of the Fermi surface consists of the
(pseudggap formation, while it does not alter the uniform narrowa;q band. In the real band calculation, however, there
susceptibility (i.e., the magnetic excitation in the long- is significant hybridization between the, and ey levels,
wavelength limij. The nature of the 22-K transition will be and the broadegey+a;y band touches the Fermi level to
discussed in the next section. make small Fermi surfacés.

Figure 4a shows the Hall coefficient Ry) of We have proposed that the electronic structure of
NaCg_,Cu0,. The sign is negative below 100 K, and the NaCgO, is similar to that of the Ce-based intermetallics, a
magnitude is as small as 4604 cm®/C. The Cu substi- prime example of valence-fluctuation/heavy-fermion
tution does not change the magnitude very much, indicatingompounds}?’ v and y of NaCg0, are as large as those of
that the carrier concentration is nearly unchanged. By con€ePd. In this context, the large thermopower of NaQg is
trast, it changes the temperature dependence in a complicatedplained in terms of a diffusive contribution of a metal with
way, which implies that several kinds of carriers are respona heavily enhanced effective mass, and is roughly propor-
sible for the electric conduction. The band calculation bytional toy. In the heavy-fermion compounds, the broad con-
Singtt? reveals that the two bands of different symmetriesduction band crosses the Fermi energy, and the natiow
cross the Fermi level for NaGO,. (See the next section.  calized f band is located below the Fermi energy. For

Contrary to the Hall effect, the magnetoresistance iNaCqO,, the broadey;+a;4 band and the narrowa,, band
weakly dependent on the Cu substitution, as shown in Figdo exist, but both cross the Fermi energy to form two kinds
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of Fermi surface. Thus it is not trivial whether or not the two L A E e e —
Fermi surfaces behave heavy-fermion-like in the charge 0.8 (@ €050,
transport. At least we can say that the two Fermi surfaces
play different roles, where the Cu substitution induces differ-
ent effects:p is weakly dependent on the Cu content
whereasS y, andy are strongly dependent onS x, andy

are basically proportional to the density of states in the low-
est order, which is determined by the large Fermi surface of
the a;4 symmetry. In contrast, the carriers on tag+a,

C/T (mJ/igK?)
o
S

band can be highly mobile, because the band is spread along ﬁv 0.2

the in-plane direction. In short, the;y and e5+a;4 bands e s

are responsible for the large thermopower and good electrical Y 0.4

conduction, respectively. < _0_6'

Existence of thea,, and e;+a;4 bands was suggested

from the angular dependence of the x-ray-absorption spec- 5 0.02 &
R 24 - '

troscopy experiments?* where the valence bands of Y S

NaCq0, consist of thea,4 andey+a;4 bands. The valence i &

band of the less conductive Bi-Sr-Co-O is mainly composed E 1 001 E

only of thea,, band, which is consistent with our specula- ) 5

tion that theey+a;y band is responsible for the metallic L 5

nature of NaCgO,. The large Fermi surface suggested by 00 10 20 30 400

the band calculation was not seen in the angle photoemission Temperature (K)

spectra for Bi-Sr-Co-O, which indicates that the band calcu- 3 .
lation should be modified by additional effects such as the FIG. 5. Phase transition at 22 K for the Cu-substituted sample

electron-electron or electron-phonon effects. (x=0.2). (@ Specific heat, (b) magnetospecific heat\C(H)
=C(H)—-C(0), and(c) temperature derivative of the resistivity

dp/dT and theT-linear coefficient of the thermopowé/T. The
A. Phase transition at 22 K inset shows the magnetic-field dependence of the specific heat.

As shown in the previous section, the Cu SubStItutlondp/dT, both of which are inverse'y proportiona' to the
causes the phase transition at 22 K, which is probed by thprude weight® Their temperature dependencies are quite
jump of the specific heat, the dip in the thermopower, and thgimilar to each other, where the magnitude increases up to
kink in the resistivity. Figure &) shows the specific heat for almost twice below 22 K. This indicates that the Drude
the x=0.2 sampldthe same data as in Fig(e] as a func-  weight decreases by 50% at low temperatures, implying the
tion of temperature in linear scale in order to see the 22-Kexistence of apseudggap. As an off-diagonal long-range
anomaly clearly. One feature to point out is that the entropyrder with a gapped state, one would think of the charge-
change of this transition is surprisingly small. As shown indensity wave(CDW) or spin-density wavéSDW) or both.

Fig. 5(a@), we estimated the entropy change by the area surfhe calculated Fermi surfateof the a;4 band is hexagon-
rounded withC/T and the dotted line, which is approxi- like, which is unstable against CDW or SDW formation with

ally only 5% of the CgO, impurity exhibits a specific-heat 22-K transition is SDW-like, because a CDW is insensitive
jump of the same order at 30 K. to magnetic field® Actually we can find many similarities

There are two possibilities for the origin of the small en-Pétween the 22-K transition and SDW transition: The en-

: L : hange is observed to be quite small irf CYpBiPt2®
tropy change. One is that the 22-K transition is somethin ropy ¢ 29 o 28
related to the impurity phase of the order of 1%. AIthoughéand (TMTSF)PFR; * The resistivity shows a hun;**and

we cannot exclude this possibility completely, we will take the thermopower shows a dip at the transition.

the oth ibility that th Il ent h . . It is not surprising that the 22-K transition has little effect
€ other possibiiity that thé small entropy change 1S an g, e magnetic susceptibility. Since an SDW state is an

trinsic nature in bulk, becausi) the field dependence of piferromagnetically ordered state, the magnetic excitation
C/T is different between the 22-K transition and the mag-is gapless in principle. In fact, the SDW state of Cr exhibits
netic transition in CgO, at 30 K as shown in Fig.(§), (i) a 3 very tiny(1%-2% change in the susceptibility at the tran-
possible impurity phase is a Cu-based magnetic materiakjtion temperaturé’ while it causes a clear hump in the
which is inconsistent with no anomaly jpat 22 K, andiii)  resistivity>* The metallic conduction below 22 K implies
the thermopower and the resistivity systematically change ahat a part(approximately 50% of the Fermi surface re-
the same temperature. The most familiar phase transition agaains, which could smear the SDW transition. To clarify the
companied by a small entropy change is perhaps a superconature of the transition, a local magnetic probe such as NMR
ducting transition. More generally, off-diagonal long-rangeor wSR (muon spin relaxationshould be employed.
order induces a small entropy change of the order of
NkgT/EE. B. Effects on the Hall coefficient and thermopower

Figure Hc) shows theT-linear term of the thermopower Next we will discuss how we can understand the Cu-
(S/IT) and the temperature derivative of the resistivity substitution effects ofRy; and S. We should note here that
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the sum rules of transport parameters for a multiband syste

are expressed in the form of conductivities, not in the form

of Ry or S Let us denote the conductivities for thg; and
eq+a;4 bands asr® ando®, respectively. The total conduc-
tivity o is then written as

o=0%+ o4

oY)

Similarly, the total Hall conductivityr,, and the total Peltier
conductivity op are written as

a
Xy

)

— €
Oxy=0yytTO

op=0p+od, 3

where the Peltier conductivityis defined agrp=So=S/p.
Figure Ga) shows the temperature dependenceogf

=Yp for x=0 and 0.2. The Cu substitution enhances th

from 4 to 100 K, indicating that the mobility is enhanced by
Cu. The enhancement below 22 K is more remarkabledn
than in S which indicates that the mobility is rapidly en-
hanced below the 22-K transition. FigurébB shows the
temperature dependenceazfy=HRH/p2 for x=0 and 0.2.
The complicated change seenRp is converted into a sim-
pler change inr,, . Although the Cu-substitution effects jn
are quite small, J? term moderates the difference R}, .
One can see that,, is also increased by Cu over the tem-

e
Peltier conductivity over the measured temperature rang
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the change in the Hall conductivitqo,, show nearly the
Sgme temperature dependence. In particular, a clear enhance-
ment below 22 K indicates that the phase transition causes an
equal impact ors andRy, in the form of the Peltier and Hall
conductivities.

On the assumption that only tlza, band is modified by
Cu, we will consider the change in tlzgq band in terms of
the carrier concentration, the effective massn, and the
scattering timer. Then o% and a‘;‘y are roughly expressed
as op~(n/m*) and oy, ~(7/m*), where the average of
(---)is defined as (4°) 1f(vg)?7- - - d3k. A close similar-
ity betweenAop andA oy, implies thatA(7) andA(n) are
nearly independent of temperature. Thandependent\( 7)
means the scattering time averaged indhg Fermi surface
is dominated by impurity scattering, which is consistent with
the localized picture of tha;4 band. The positive values of
Aoy, and Aop suggest the increase ¢1/m*). This indi-
cates that the mass enhancement is suppreéfiseadnobility
I enhancedby Cu over the measured temperature range,
regardless of the 22-K transition, which is consistent with the
decrease iny and y by Cu.

C. Comparison with Ce-based compounds

Based on the heavy-fermion scenario, it seems inconsis-
tent that the substituted Cu causes the decrease(ffig. 3)
together with the increase i8 (Fig. 2). As shown in Fig.
7(a), v, x andSare plotted as a function of the Cu content
Note thaty was estimated a€/T at 2 K, andy was esti-

perature range from 15 to 100 K, as is similar to the case ofated as the raw value gf at 2 K. Swas estimated as the

Op.

Let us assume that the substituted Cu affects onlyatfje
band. Then a difference betwegrs 0 and 0.2 is reduced to
a change ino} and o, . Figure Gc) showsAop=op(x
=0.2)—0p(x=0), Aoyy,=0y,(Xx=0.2)—0,,(x=0). Most
unexpectedly, the change in the Peltier conductisity, and

value at 10 K, where a linear behavior 8fwith T is ex-
pected for conventional metals. Althoughand y decrease
with x, S significantly increases witlt, whereSe«yT is no
longer valid.

We should emphasize that the relationship betweamd
S is complicated also in the Ce-based compounds. Figure

195106-5
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7(b) showsy, x,2% andS (Ref. 39 for Ce(Ph_,Sn); as a extensively investigated experimentally as well as theoreti-
function of the Sn content. CePl is in the heavy-fermion cally. In. other vyords, i'nstallbilities against various phases.are
regime (low Kondo temperatuje and CeSg is in the c_ompetmg or Q|§order|ng in NaG0,, and any phas_e transi-
valence-fluctuation regiménigh Kondo temperatuje Thus tions are proh|b|ted.down to low te-mpera.lt.ures. This does not
the solid solution between Pb and Sn changes the materifjean that NaCm, is far from the instability of phase tran-
from the heavy-fermion to the valence-fluctuation com-Sitions, but rather, is very susceptible to various transitions
pound, which is evidenced by the fact thatand y mono- against variogs perturbations. In fact, 1I_\g.@ozo4.gxhibits a
tonically decrease with. On the other hands exhibits com- ~ 8lassy behaviorte8 K due to a structural instability of the
plicatedy dependenceSis negative foly=0, increases with p_hase?, and (Bi,Pb)-Sr-Co-O showos a ferromagnetic transi-
y up to 0.4, and eventually decreases frgm0.6 to 1.0. tion a 4 K due to the lattice misfit? o N
This is intuitively understood as follows. When the Kondo ~AmMong various possible transitions, it is not trivial
temperature is sufficiently low as in the case of CgRbe whether or not an .SDW—Ilke state is favored by impurities.
Ruderman-Kittel-Kasuya-Yosida interaction survives at lowAS &1 SDW-formation mechanism, we should note here that
temperatures, and often causes a magnetic transition. Sinfe® SDW and CDW are closely related to the nesting and
the magnetic transition releases the entropy of the spin sePPology of the Fermi surface. They are properties of a
tor, the entropy per carrigequivalently the diffusive term of me.tal, and occur when thg correlations are weak enough to
the thermopowerwould be suppressed against the fluctua-validate the on.e—elecFron picture based on band calcqlatlons.
tion of the magnetic transition. On the other hand, when thé\S often mentioned in the present paper, the experimental
Kondo temperature is high enough, the mass enhancement/f@Sults consistently suggest that Cu suppresses the mass en-
severely suppressed to give a small thermopower again. Thlﬁ@qcement without S|gn|f|ca_nt _change in the carrier concen-
the thermopower would take a maximum at an intermediatdration. If so, the decrease jp implies that the substituted
value of the Kondo temperature. This is indeed what we se&Y €nhances the screening of the magnetic fluctuation, which
in Fig. 7(b), similar to the general trend of the 20-K ther- Might recover the band picture to cause the CDW/SDW in-
mopower of C#,X, found by Jaccarct al®® We should ~ Stability of thea,y Fermi surface.
note the reason why the SDW formation for-0.1 affects
only the thermopower, and not the specific heat. Since the V. SUMMARY AND FUTURE ISSUES
thermopower is the entropy per carrier, it could be affected
by either carrier density or carrier entropy. Thus a small en- In this paper, we have discussed the Cu-substitution ef-
tropy change due to the SDW does not affect the specifiects on the thermoelectric and thermodynamic properties of
heat, but the SDWpseudagap decreases the carrier density NaCg_,Cu,O,4. The substituted Cu induces a phase transi-
to enhance the thermopower. tion at 22 K, which is characterized by the kink in the resis-
In this context, the NaG®, is located near the heavy- tivity, the hump in the thermopower, and the jump in the
fermion regime, and the substituted Cu causes a decrease $Recific heat. We have analyzed the nature of the transition,
the mass enhancement accompanied by an increag in and finally proposed a spin-density-wave-like state as a pos-
which is consistent with the increase in the Peltier and Halbible origin, becausdi) it accompanies a small entropy
conductivities seen in the previous subsection. Althougithange of the order of 1Gkg per Co,(ii) the transition is
there is no microscopic relationship between NaG&€u,0,  Sensitive to the magnetic field, arid ) the large Fermi sur-
and Ce(Pb_,Sn))s, a close resemblance in Fig. 7 suggestsface of thea;, character is gapped. The impurity-induced
that the unsubstituted Nago, corresponds tg~0.2, while  transition is often called “order from disorder,” which im-
NaCQ..SCUO.ZO4 Corresponds tg~04_ 0.6. We further note plieS that phase transitions are somehow Suppressed in the
that the Pd-substituted Nagd, shows negative ther-  unsubstituted NaG®,.

mopower below 50 K, which might correspondte: 0.23¢ One might find that the observed pseudogap behavior in-
duced by Cu is remarkably similar to the pseudogap seen in

the  underdoped  high-temperature  superconductors
(HTSO).***2 One can see a reduction in the resistivity, an
Although the microscopic theory for the high thermoelec-enhancement in the thermopower, a decrease in the specific
tric performance of NaC®, is still lacking, the following heat, and a decrease in the susceptibility below a pseudogap
features are establishe@) The mixture of Cd" and C4* temperatureT*. Thus there is no reason to deny that the
in the low spin state can carry a large entropkgih 6.3 (ii) pseudogap might be generic in the strongly correlated
NaCog0, shows no structural, electric, and magnetic transi<transition-metal oxides, although the shape of the Fermi sur-
tions from 2 to 1000 K3 (iii) From (i) and (i), the large face, the carrier concentratiofhe filling factop, and the
entropy cannot be released through phase transitions, amsgin structure are completely different between HTSC and
inevitably points to the conducting carriers forming aNaCgO,.
“heavy-fermion”-like electron. Above the transition temperature, the thermoelectric prop-
In this respect, NaG®, is very close to the instability for erties are at least qualitatively compared with those of heavy-
various phase transitions arising from the large entropy pefermion valence-fluctuation compounds, where mobile holes
site. The Cu substitution enhances the instability, and eversen theey+a,4 band and the nearly localized holes of thg
tually causes the SDW-like transition at 22 K. This type ofband correspond to the carrier and thelectrons. In this
transition is called “order from disorder’® which has been analogy, the substituted Cu increases the interaction between

D. Order from disorder
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the e;+a,4 and a;4 bands to decrease the effective-massorbital ofd,2_,2 that is orthogonal to,g . In addition, strong
enhancement. Jahn-Teller effects of G’ may cause local distortion of the

In this paper we have reviewed the phenomenology of th&€o0, block, which serves as a kind of chemical pressure to
Cu-substitution effects, but failed to address the microscopiincreaseS*® To proceed further, site-selective probes such as
origin and/or the electronic states of the substituted Cu. ThiNMR, photoemission, and scanning-tunneling microscopy/
is because our experiments were concerned only with thecanning-tunneling-spectroscopy should be employed.
thermodynamic and transport properties of bulk materials.
Nonetheless we can say that the scattering cross section will
be small for thed,> 2 and d,2 levels of the impurity in
NaCo0,, because the valence bands of Na@pconsist of The authors would like to thank T. Motohashi, H. Yamau-
tyg. Thus the substituted C(possibly divalerft) will not chi, N. Murayama, K. Koumoto, and T. Mizokawa for fruit-
increasep seriously, because €l has the highest occupied ful discussions.
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