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The thermal conductivity of polycrystalline samples of (Na,Cg@pis found to be unusually low, 20
mW/cmK at 280 K. On the assumption of the Wiedemann-Franz law, the lattice thermal conductivity is
estimated to be 18 mW/cm K at 280 K, and it does not change appreciably with the substitution of Ca for Na.
A quantitative analysis has revealed that the phonon mean free path is comparable with the lattice parameters,
where the point-defect scattering plays an important role. Electronically the same samples show a metallic
conduction down to 4.2 K, which strongly suggests that N&I;exhibits a glasslike poor thermal conduction
together with a metal-like good electrical conduction. The present study further suggests that a strongly
correlated system with layered structure can act as a material of a phonon glass and an electron crystal.

Thermoelectric materials have recently attracted a re- In addition to a large thermopower and a low resistivity, a
newed interest as an application to a clean energy-conversiaghermoelectric material is required to show a low thermal
system® The conversion efficiency of a thermoelectric mate-conductivity. In view of this, a filled skutterudite
rial is characterized by the figure of mefit=S?/p«, where  Ce(Fe,Co)Shy, shows quite interesting properti&s The
S p, and k are the thermopower, the resistivity, and the most remarkable feature of this compound is that “filled”
thermal conductivity, respectively. At a temperatliea di- Ce ions make the lattice thermal conductivity several times
mensionless value &I T is required to be more than unity lower than that for an unfilled skutterudite CaSbThe Ce
for a good thermoelectric material, which is, however, diffi-ions are weakly bound in an oversized atomic cage so that
cult to realize. We have found a large thermopowerthey will vibrate independently from the other atoms to cause
(100 wV/K at 300 K) and a low resistivity (200 cmat large local vibrations. This vibration and the atomic cage
300 K) for NaCg,0, single crystal€. These parameters sug- are named “rattling” and a “rattling site,” respectively. As
gest that NaCg0, is a potential thermoelectric material. An a result, the phonon mean free path can be as short as the
important finding is that the transport properties are difficultlattice parameters. Namely, this compound has a poor ther-
to understand in the framework of a conventional one-mal conduction like a glass and a good electric conduction
electron picture based on band theories. We have proposdiéte a crystal, which Slack named a material of “a phonon
that strong electron-electron correlation plays an importanglass and an electron crystal.” It should be mentioned that
role in the enhancement of the thermopowérVery re-  rattling is not the only reason for the low thermal conductiv-
cently, Andoet al> have found that the electron specific-heatity, where point defects and/or solid solutions significantly
coefficient of NaCgQ, is as large as 48 mJ/moFPKwhich  reduce the thermal conductivity of L@e,Co)Shy, (x
is substantially enhanced from the free-electron value, possi<1) (Ref. 11 and Cq_,M,Sh; (M=Fe, Ni, and Pt***3
bly owing to the strong correlation. Nevertheless, a search for materials having rattling sites is a
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- C - Io ' ' ' reaction. Starting powders of NaGQCaCQ, and CgO,
(Na,Ca)Co,0, were mixed and calcined at 860 °C for 12 h. The product was
X=0_ finely ground, pressed into a pellet, and sintered at 920°C
for 12 h. Since Na tends to evaporate during calcination, we
added 20% excess Na. Namely, we expected samples of the
nominal composition of Ng ,CaCo,0, to be
Na, ,Ca.C0,0,, which we will denote as (Na,Ca)g0;.

The thermal conductivity was measured using a steady-

20+

> » 0

Thermal Conductivity (mW/cmK)

- B state technique in a closed refrigerator pumped down to
éA 1 10 % Torr. The sample was pasted on a copper block with
MM\ silver paint(Dupont 4922 to make a good thermal contact
with a heat bath, and on the other side of the sample a chip
05 — @00 300 resistance heater (190 was pasted to supply heat current.
Temperature (K) Temperature gradient was monitored by a differential ther-

mocouple made of Chromel-Constantan, while temperature

FIG. 1. The thermal conductivity of (Na,Ca)g®, plotted asa was monitored with a resistance thermometieakeshore
function of temperature. The inset shows the schematic picture cSEERNOX 1050.
the crystal structure of NaGO;,. Figure 1 shows the thermal conductivity of

(Na,Ca)CgO,. The substitution of Ca for Na only slightly
recent trend for thermoelectric-material hunting. Throughdecreases the thermal conductivities of (Na,CaJ@0 This
this search, BaGgGe;, (Ref. 14 and ThMTe; (M=Sn  makes a remarkable contrast to the change of the resistivity
and Ge (Refs. 15 and 1phave been discovered as potential with the Ca substitutiof* The magnitudé20 mW/cm K at
thermoelectric materials with low thermal conductivity. 280 K) is as low as that of a conventional thermoelectric

A preliminary study of the thermal conductivity of poly- material such as BTe;,%* which is consistent with the pre-
crystalline NaCgO,, which hasno rattling sites revealed a  vious study*’
low value of 15—20 mW/cmK at 300 K’ This is indeed Let us make a rough estimate of the phonon mean free
unexpectedly low, because a material consisting of light atpath (,, for NaCq0O, at 280 K. In the lowest-order ap-
oms such as oxygens will have a high thermal conductivityproximation, the lattice thermal conductiviky, is expressed
In fact, polycrystalline samples of a high-temperature superby??
conducting copper oxide show a higher value of 40-50
mW/cm K at 300 K*¥° This is qualitatively understood
from its crystal structure as schematically shown in the inset "Ph:§cvl ph>
of Fig. 1. NaCgOQ, is a layered oxide, which consists of the
alternate stack of the CoQayer and the Na layer. The CgO Wherec and v are the lattice specific heat and the sound
layer is responsible for the electric conduction, whereas th&elocity. Since we consider a moderately high temperature
Na layer works only as a charge reservoir to stabilize théegion where phonons are sufficiently excited, we assame
crystal structure. The most important feature is that the Na= 3Nkg(N is the number of atoms per unit volujnerhe
ions randomly occupy 50% of the regular sites in the Nasound velocity is associated with the Debye temperafgre
layer. The Na layer is highly disordered like an amorphouss
solid, and it looks like a glass for the in-plane phonons. Thus
significant reduction of the thermal conductivity is likely to _ho 2N 1/3
occur in the sandwich structure made of the crystalline me- Op= 1 —(6m°N)™=.
tallic layers and the amorphous insulating lay&rs.

In this paper, we report on measurements and quantitativé/e employfp =350 K from the recent specific-heat data,
analyses on the thermal conductivity of polycrystallineand getl,,=6.7 A for 20 mW/cm K, which is comparable
samples of (Na,Ca)G@®, from 15 to 280 K. The observed With the in-plane lattice parameter (3 A). This picture is
thermal conductivity is like that for a disordered crystal, andintuitively understood from the fact that the Na layer is
is insensitive to the substitution of Ca for Na. These resultighly disordered. Note that the observed data of 20 mW/cm
imply that the phonon mean free path is as short as the latticé include the electron thermal conductivity, and thus the
parameters, and a semiquantitative analysis reveals that ti#tained value of 6.7 A gives the upper limit of the phonon
point-defect scattering due to the solid solution of Na ionsmean free path.
and vacancies effectively reduces the lattice thermal conduc- Figure 2 summarizes the thermoelectric parameters of
tivity down to 15-20 mW/cm K. On the other hand, the NaCgO,. In Fig. 2a) are shown the thermal conductivity
electrical resistivity remains metallic down to 4.2 K, which (the same data as=0 in Fig. 1) and the figure of merit
means that the electron mean free path is much longer thagalculated using the resistivity and the thermopower of the
the lattice parameters. Thus Na@yp can be a material of a same sample. We also plot the electron thermal conductivity
phonon glass and an electron crystal, whose conductiofw.) estimated from the resistivity on the assumption of the
mechanisms are qualitatively different from those of theWiedemann-Franz law as,=LoT/p (Lo=7?k3/3€? is the
“rattler” model of the filled skutterudité° Lorentz number. k¢ is 10% ofk, and the heat conduction is

Polycrystalline samples of Na ,CaCo,0, (x=0, mainly determined by the phonons. The figure of merit is
0.05, 0.10, and 0.)5were prepared through a solid-state 10~* K~ above 100 K, which is largest among oxiddsyt
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FIG. 3. The lattice thermal conductivity(;,) of NaCg0O,. The
open and closed circles represept measured for sample no. 1 and
no. 2, where the electron thermal conductivity was estimated
through the Wiedemann-Franz law. Curve A is the calculation pro-
posed by CallawayRefs. 24 and 26Curve B is the minimum
thermal conductivity proposed by Cahdt al. (Ref. 28. The inset
shows k,, of (Na,Ca)CeO, at 200 K. The solid line is the same
calculation as curvé\.
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FIG. 2. The thermoelectric parameters of polycrystalline
NaCag0,. (8) The thermal conductivity £) and the figure of merit
(2); (b) the resistivity p) and the thermopowels). Note that the
electron thermal conductivity «) evaluated through the
Wiedemann-Franz law is shown by the solid curve, wheyés the
Lorentz number € 72k3/3€?).

the mass of an atoni; is the fraction of an atom with mass
M;, andM=ZXf;M; is the average mass. We calculatkd
for (Na,Ca)CgO, by following the method in Ref. 11,
where Na(23 g/mo), Ca(40 g/mo), and(] (vacancy make
a solid solution in the ratio of Na:Ca=(1—x):x:1. Bis a
temperature-dependent parameter, which is proportiongl to
does not yet reach the criteria &fT=1. Much progress is at high temperaturesB(~CT). It should be noted that the
thus needed to realize oxide thermoeletcrics. phonon-phonon scattering gives<1/J/ACT at high tem-

In Fig. 2b), the resistivity and the thermopower are plot- peratures in the presence of a la®yé As clearly shown in
ted as a function of temperature, which reproduce the pioFig. 1, « for (Na,Ca)CgO, increases withl, implying that
neering work on the Na-Co-O system by Moleneleal®  the phonon-phonon scattering is negligibly small. Thus
The temperature dependence of the resistivity is essentialiyorresponding to an inelastic-scattering length is the only
the same as that for the in-plane resistivity of the singlfitting parameter.
crystals, though the magnitude is much higher owing to the |n Fig. 3, the measurea,, (=x—ke) of NaCgO, is
grain-boundary scattering. It should be noted that the resiscompared with two theoretical curves. Sample no. 1 is the
tivity exhibits metallic conduction down to 4.2 K without sgme sample as shown in Fig. 1, and sample no. 2 is another
any indication of the localization. This implies that the elec-sample prepared in a different run. Curés the calculation
tron mean free path is much longer than the lattice paramgsing the phonon-scattering thed&?>whereL=0.2 um is
eters. Previously we showed that the electron mean free patised. As expected, the point-defect scattering quite effec-
of the single crystal is as long as 230 A at 4.2 K along thetively reduces the thermal conductivity by two or three or-
in-plane directior. We can therefore say that the phonon ders of magnitude. The Ca substitution effect is also consis-
mean free path is much shorter than the electron mean fregntly explained as shown in the inset, where data pdags
path. This is nothing but a material of a phonon glass and afhdicated by open circlesn different runs are added to show
electron crystat? the reproducibility. Although the solid solution of Na and

Here we will compare the measured thermal conductivitydominatesx,,, the theory predicts a small correction due to
with the phonon-scattering theory by Callawdy>The total  the substitution of Cdas indicated by the solid linewhich
scattering rater ' is given as the sum of three scattering is in good agreement with the observation. This directly in-
rates as dicates that the point-defect scattering plays an important
role in reducingx,,. A problem is the physical meaning of
L=0.2um: It is much longer than the electron mean free
path (10-1G A), but much shorter than the grain size
where 7", 7, and 7, * are the scattering rates for the (10 um). Possible candidates are the average distance of
point-defect scattering, the phonon-phonon scattering, anstacking faults and/or interlayer disorder.
the boundary scattering, respectively. For a phonon fre- The absence of the phonon-phonon scattering means that
quencyw, the three scattering rates are writtenfas®, Bw?,  the phonon lifetime is extremely shéftand is rather char-
andv/L, whereA, B, and L are characteristic parameters. acteristic of the thermal conductivity of a glass. Cuivés
According to Ref. 26,A is expressed afA=0,>f,(1 the calculation of the minimum thermal conductivity,;, by
—M;/M)?/4mv3, whereQ is the unit-cell volumeM; is  Canhill et al,”® which has been compared wikly, for a glass.

Tl = g Tonpnt o = Aw* +Bo’+ulL,
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Although the calculatedk,, is one order of magnitude Ssuperlattices extensively studied by Dressel!mLm?O«?'lAt

smaller than the measuradg,,, such a deviation is also seen Present, no band calculation of Naf, is available, but the

in other disordered crystals. Note thq;hocT3 is not seen for band calculation of isostructural LiCg&hows that the va-

NaCa,0, at low temperatures, which is a hallmark of disor- I€nce bands do not show any subband structure expected

dered crystals. Sincey T3 is usually seen below 10 K, this from the 2D quan':cum confinemefft.This means that the

is possibly because the measurement temperature was hiog{gactronlc states of NaGO, are not very anisotropic in a

NaCq,0, consists of the sandwich structure of the amor ne-electron picture. This situation is essentially identical to
4 - . P

phous and crystalline layers, and the heat conduction proce%rh%e band picture of high-temperature superconductors. We

is perhaps in between that for a mixed crystal and an amor: ink that the enhancement of the thermopower of Nal;o

; ) . should not be attributed to the quantum confinement of the
phous solid. Thus it should be further explored which CUNVEsemiconductor superlattices, but to the strong correlation.

is more likely to capture the essential feature of the heat | summary, we prepared polycrystalline samples of
conduction in NaCgO,. _ . (Na,Ca)CgO, and measured the thermal conductivity from
We propose that a layered material consisting of &5 g 280 K. We have found that the phonon mean free path
strongly correlated conducting layer and disordered insulaty g 7 A at 280 K. which is much shorter than the electron
ing layer can be a promising thermoelectric material. If the,oan free path. ,This means that (Na,Ca)Gpacts as a
heavy-fermion system is realized in the strongly correlatedyaterials of a phonon glass and an electron crystal, though it

' = e Rbs no rattling sites. We have compared the experimental
due to the spin fluctuation Recently, we proposed that the y5ia with the phonon-scattering theory and the minimum

effectzl\ée mass of NaG®, is enhanced as much as that for {hermal conductivity, and have found that the point-defect

CeR.“" Meanwhile, in the disordered insulating layer, the scattering plays an important role.

lattice thermal conductivity can be minimized by the disor-

der that causes little effect on the electric conduction. In this The authors would like to thank J. Takeya and Y. Ando

context, it will work as a material of a phonon glass and anfor technical help in thermal-conductivity measurements.

electron crystal. They also thank T. Kawata, T. Kitajima, T. Takayanagi, T.
This scenario might be compared with the thermoelectricTakemura, and T. Nonaka for their collaboration.
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