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Out-of-plane thermal conductivity of the layered thermoelectric oxide Bp_,Pb,Sr,Co,0,
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The out-of-plane thermal conductivity,) of Bi,_,PhSrL,Co,0, is measured and analyzed. A low value of
4-8 mW/cm K is observed at 300 K, which is close to the minimum thermal conductivity. This implies the
phonon mean-free path is of the order of thexis lattice parameter. The temperature dependence is also
anomalous, and the positive temperature coeffiagkatdT> 0 is observed. These features can be understood
semiquantitatively by a phenomenological expressior @fcluding the contribution of optical phonons.
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I. INTRODUCTION alternate stack of the Coblock and the BiSr,O, block
along thec axis?® The Cdl-type CoQ block is responsible
Heat conduction is one of the most fundamental transporor electric conduction, which shows a lar§eand a lowp.
properties in solid$.The ratio of the thermal current density on the contrary, the NaCl-type BBr,0, block acts as a
to the temperature gradient is known as the thermal condugharge reservoir to stabilize the structure electrostatically. A
tivity «, which has been studied for elementary and binanfgtaple feature is that the ions in this material are connected
compounds with simple structurésNowadays, we study yia various chemical bondings: the van der Waals coupling
materials with more complicated structures consisting Ofyatween the two Bi-O planes, the ionic bonding between
three, four, or more elements. They have various force co P+ and G~ and the covalent character between Co and O
stants within the unit cell and tens of phonon branches, an the CoQ E)Iock. Thus the force constant is expected to be

often show a significant anisotropy in However, the theo- different within the unit cell, which would cause complicated

retical framework of the heat conduction has been baSical%honon dispersion and thermal conduction. In this paper. we
unchanged since the 1968 ,and appears to be too simple p ) L Paper,
report on measurement and analysis of thaxis thermal

to apply them for quantitative analyses. In addition, it has - .
recently been established that the spin excitation is a goofPnductivity of BbPBSrpCo,0, (x=0, 0.4, and 0.5
heat conductor in some magnetic insulafofsin which the
spin-phonon interaction plays an essential role. Although the
theoretical treatment of spin heat conduction has been exten-
sively developed;®a generally agreed analysis procedure is
not yet at hand. Thus, in order improve our understanding of
heat conduction phenomena, we think it is important to sup-
ply reliable data ofk for complex materials.

We have studied the layered Co oxides as a possible ther-
moelectric material~6The thermoelectric material is a ma-
terial that can generate electricity from heat through the See-
beck effect, and can pump heat through the Peltier effect. Its
efficiency is characterized by the thermoelectric figure of
merit Z= S/ pk, whereS and p are the Seebeck coefficient
and the resistivity! Thus  is one of the most fundamental
quantities for the thermoelectric materials, as important as
andS. Single crystals of the layered Co oxides were, how-
ever, very thin and small, and the heat loss seriously affected
the x measurement. In fact, there are only a few reports on
the k measurement of single crystals of the layered Co
oxides®2%Very recently, we have succeeded in measuring
the in-planex (k) of various layered Co oxides by using
the Harman methotf- However, the out-of-plan& («.) has
not yet been observed, because this is the most difficult di-
rection to measure.

Among various layered Co oxides, BiPhSr,Co,0, is
most suitable for thex, measurement, because large and
(relatively) thick single crystals are availabdéAs shown in
Fig. 1, BL,PhSr,Co,0, is a layered oxide consisting of an FIG. 1. Crystal structure of Bi,PbSr,Co,0,.
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FIG. 3. Out-of-plane thermal conductivity  of
41 Biz_XPQ(SrzCOZOy.

used the block sample for the steady method. As is clearly
shown in Fig. 2, the twax curves are in an excellent agree-
Bi,Sr,Co,0, single crystal ment except for the data below 50 K, where the Harman
atie 1 method is less accurate. As is well known, the thermal resis-
. L . ! . tance of the varnish would be more serious at lower tempera-
0 100 200 300 tures. Thus, if the thermal resistance of the glue were signifi-
Temperature (K) cant, the thermal conductivity would be measured to be

o : lower than expected. But in reality, as shown in Figa)2the

FIG. 2. (8) In-plane thermal conductivity of BEPty /SrCo0, I?W-temperature data remain high at low temperatures,
measured by the Harman method and the steady method. The OI6\‘/v€?1ich implies that the thermal resistance of the glue is neg-
for the Harman method are taken from Ref. 21. The inset shows th P 9 9

in- and out-of-plane thermal conductivities for a thick sample ofﬁg'ble' This is direct evidence that of the block sample

: : T reflects an intrinsic value.
Bi,SrCaCyOg single crystals stacked along theaxis with paste. . o
(b) c-axis thermal conductivities of Bsr,C0,0, measured for dif- We, further examined the validity of a_ block Samplg for
ferent samples. the high-temperature superconducto,L,B}CaCyOg. This

compound exhibits similar mechanical properties attributed
to the identical BjO, layer, and can be a good reference
for Bi,,PBSr,Co,0,. In the inset of Fig. &) are shown

Single crystals of Bi,PhSr,Co,0, were grown by the the in- and out-of-planecs obtained through the steady
traveling-solvent-floating-zone technique. The detailedmethod. A hump near 90 K is clearly seen4g, which is a
growth conditions and the characterization of the crystaldiallmark of the onset of the high-temperature superconduc-
were written previously® The typical size of the crystals tivity. The temperature dependence and the magnitudepf
was 2 mmx 2 mmx 100 um. We stacked pieces of crystals are in good agreement with the data reported in the
with varnish(GE 7031 along thec axis, and made a thick literature?®> We measuredk, using the same sample. The
rectangular block of X2Xx3 mn?. We used the thermal thermal-conductivity is anisotropic, but the thermal conduc-
conductivites of 0.44 and 0.28/mK at 300 and 77 K4  tivity ratio of «,,/k.=10 is much less than the resistivity
and estimated the thermal resistance of the varnish to be 2ratio p./p.,=10% The electron thermal conductivity should
and 4.0 K/W, respectively. These values are much smallepe as anisotropic as the resistivity, implying that the phonon
than the total thermal resistan¢gpically 750 K/W). Thus  thermal conductivity is less anisotropic. The obtaireds in
we can safely neglect the contribution of the varnish. reasonable agreement with Ref. 26, in whighwas mea-

k. was measured using the block sample by the steadgured for one piece of thin single crystal.
method with a temperature gradient of 0.5—1 K/mm. One We will give additional pieces of evidence for the accu-
edge of the sample was anchored to the cold head of gacy of the measurements. FigurdPshows thec-axis ther-
closed-cycle refrigerator, and the other edge was equippethal conductivity for three samples with different conditions.
with a resistance sheet heater and a 1.25-mm-diameter SMthough the volume fraction of the varnish is larger in the

i, (MW/cmK)

IIl. EXPERIMENTAL

diode thermometeflLakeshore DT-421-HR 1.4-mm-thick sample than in the 2.3-mm-thick sample, the
obtained k. is in good agreement. This directly evidences
IIl. RESULTS that the thermal resistance of the varnish is negligibly small.

We should also note that the sample with varnish and the
First of all, we would like to examine the block sample sample with Ag pastéDupont 4922N give nearly the same
consisting of thin crystals stacked with paste. Figufa) 2 «., which again suggests that the glue does not affecithe
shows the in-plan& of Bi; Phy sSr,C0,0, measured by the measurement seriously.
Harman method and the steady method. While we used one Figure 3 showsk, of Bi, PbSr,Co,0, (x=0, 0.4, and
piece of thin single crystals for the Harman metRbdye  0.6). The most important feature is that all the’s are
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Thus the observed anisotropyy/ «. is due to the anisotropy
of the phonon contribution. The lattice vibration is a collec-
tive motion of all the atoms; it will be three dimensional
even in the layered structure. Thus, it is not surprising that
Kap! ke 1S much smaller thap./ pap.

Let us analyze the observedwith available theories. In a
conventional insulator, we can employ the phonon-scattering
theory®# in which we can express the phonon-scattering
time 7w, T) as a function of phonon frequency and tempera-
ture. We can further apply this theory to conventional semi-
conductors by the help of the Wiedemann-Franz law. In the
present complex oxide Bi,PhSr,Co,0,, however, we have
to deal with tens of phonons of a different nature associated
with the covalent, ionic, van der Waals bondings, which

Kar Kp (MW/CmK)

Ke (MW/ecmK)

2r m makes it unrealistic to assume a single valuer(@$, T). In

1 i Bi. Pb- .Sr.Co.0 ] additic_)n, the.charge and spin degrees of freedom exist in_this
I 1.67R0.4972 Uy | material, which causes unusual magnetothermal conductivity
0 : oo 560 300 at low temperature® Accordingly, we would like to go back

Temperature (K) to a more phenomenological expression instead of the con-
ventional phonon-scattering theory.

FIG. 4.  Anisotropic  thermal  conductivity  of The expression fok that we adopt in this paper is

Bi1 6Py 4SKC00y.
k= Cvl/3 = Cv?7/3, (1)

4—-8 mW/cm K at room temperature, which is as low as the o .
minimum thermal conductivﬁy suggested by Calaitl al?’ whereC, v, and¢ are the specific heat, sound velocity, and
They caluculated the minimum thermal conductivity to bemegn-free path_, respectively. This is a ge_neral phenomeno-
2.3 mW/cm K at 300 K for amorphous Se, whose sound Ve[oglcal expression deduced from the classical Drude mbdel,

locity (1060 m/3 is close to thec-axis sound velocitysee which is independent of the microscopic details of the mate-

below). This means that the phonon mean-free path is aglals. We further assume that only is dependent on tem-

) . . ._perature, and the anisotropy is predominantly determined by
short as thes-axis length. This could be assigned to the mis-P '
fit layered structure, where the interface between the ZCOOU' Although ¢ arr]]d r depend on tedmpere(ljture, we Iegve them d
and the BjSKO, blocks could be a strong scatterer of as constants. Their temperature dependence can be estimate
2~ : X from deviation of the measured from the calculation, as
phonons. The second feature to be pointed out is that the . . - s
temperature dependence is positida,/dT=>0). « is nor- was _dor_1e in the analysis af for the magnetic insulators:
mally expected to be constant or decrease Withat high In principle, C, v, and should be assigned to each phonon
tem yeratures because the temperature dependeneasof mode,_ l_)ut obviously it is impossible to obtain all of them
deteprmined b,y the phonon mearF: free p%ftfrhpe third fea from fitting. Instead, we us€, v, and 7 as an average with
. L ) - I ( Il the phonon m .

ture is the Pb substitution effect, whekg increases with eslgi(ragttl;olglt lisedz‘teorn?ine tcf)ge:ound velocity from the ex-
Sgggﬁi'&g ir?tt)hics Orr::tr:r.iawloai itshg;ggze(sjotl(')duiai:lt?;ségd?ﬁ%erimental data. In a conventional treatment of the transport

o ’ ' henomena, we have two kinds of approximation: the
Pb substitution decreases the excess oxygamd removes ! C ;
the superstructure in the Bi-O pIaFr’eThusﬁt%e gi-o plane constanté and constant- approximation «ap/ « Is ezq.ual to
becomes flatter for largex, which would make phonon Dab/Ue In the former, whilergy/ k. Is equal tolvay/ve)” in the
mean-free path longer. We ’also note that the mass differen latter. We will choose the better one by looking at the data

' i . NGGr Bi,Sr,CaCyOg. The sound velocities of Bsr,CaCyOg
gﬁtew;egbBi;ar]r;dQI:;ki)b;z so small that point-defect scatterm%vere reported to be,,=4400 m/s andv,=3400 m/s®

Then, the observed anisotrop!/ k.= (kap—LoT/ pap)/ ¢ iS
closer to(vgp/ve)? than towv,,/ve, Which suggests that the
IV. DISCUSSION constants approximation is likely(note thatL,T/p, is the
electron thermal conductivity for the in-plane direction, and
Figure 4 shows the thermal conductivity of Lgisthe Lorenz numberAccording to the Debye model, the
Biy Py 4S1,C0,0, along all the crystallographic axes. The average of the sound velocityis given by
a-axis thermal conductivityx,) and theb-axis thermal con-
ductivity (x,) are taken from Ref. 21. Since the in-plane 2 1 (kBaD)3

3 _
anisotropy is smal{although finit¢, we do not distinguisix, U= lanle= o 2\ T

(2
from «p,, and call themx,, hereafter. The room-temperature

resistivities are 5 € cm for the in-plane directiofp,p), and  where n is the atom density per unit volume. Putting
10 Q cm for the out-of-plane directiofp.),** which are high  6,=260 K for Bi,_,PhSr,C0,0, (Ref. 3)) into Eq. (2), we
enough for us to neglect the electron thermal conductivitygetv=2100 m/s. From Fig. 4.,/ . iS approximately equal
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to 6, which gives v,/v.=2.5. Eventually we get in fair agreement with the calculation above 100 K, which
v,p=2800 m/s and.=1100 m/s. implies that? is as short as the lattice parameters, possibly
Next we will discuss the specific he&. Usually the owing to the lattice misfit. In particular, the estimated value
acoustic-phonon pa@2°is the predominant contribution for of 11 A is nearly equal to the-axis length, which means
C, given by that the lattice misfit is a strong scatterer to the out-of-plane
30T A phor_10ns. _ _
cac= 9nkB<—> f ——ax (3) Finally, we would like to comment briefly on the tempera-
bp) Jo (€-1) ture dependence df. Deviation from the calculation curves
becomes remarkable below 100 K. This is because the mean-
free path increases with decreasifgThe b-axis resistivity
%hows a broad minimum, and the Hall coefficient rapidly
._increases below 50 K. These are attributed to the opening of
'i'rl]e spin-density-wave pseudog&pWe expect that the
phonons will be less scattered by electrons below 50 K in the
presence of the pseudogap. Thus the phonon mean-free path
will be much longer, and the deviation is more remarkable
3 (0T 12,20 below 50 K?° As is similar to the high-temperature super-
) f ——dx, (4) conducting cuprate®,the effects of the pseudogap are more
o (e-1)? serious in the out-of-plane directions, and the deviation is
more significant than in the in-plane direction. Hess and
o =X+ A 5) Buchner found that the out-of-plarefor (La, Eu,CuQ, in-
creased up to POA below 10 K32 as is similar to the present

KgT'
. - . case.
whereA is the minimum energy of the optical phonons. We

further assume that all the phonon modes have the same
sound velocity. Although this is an oversimplified assump-
tion, we have no reliable theories for the thermal conduction e have measured the out-of-plane thermal conductivity
due to optical phonons. of Bi,,PhSr,C00,, which is as low as 4-8 mW/cmK at
We estimate the third parameter from the room- 300 K. This is very close to the minimum thermal conduc-
temperature value. Then, the calculated thermal conductivitﬁvity proposed by Cabhillet al, suggesting the very short
% is written by phonon mean-free path. We have compared it with the in-
KicaI: (C2+ Copt)UiZT/S' (i=ab,c). (6) plane thermal conductivity, and have semiquantitatively ex-
plained the magnitude and the temperature dependence using
Note that Eq(6) includes only two fitting parameterd,and  a phenomenological expression af
7, which can be determined independently from Thaepen-
dence and the magnitude. The solid curves in Fig. 4 are those ACKNOWLEDGMENTS
calculated forA/kg=300 K, and7=1x10*?s. Then, the
phonon mean-free paths are reasonably estimated to be 28 A The authors would like to thank H. R. Ott and A. V. So-
for the in-plane direction and 11 A for the out-of-plane di- logubenko for fruitful discussions on the analyses of thermal
rection. In spite of our rough assumptions, the measurisd  conductivity of magnetic materials.

In this material, howeverdx./dT>0 is observed, which
means that even at room temperature, the thermal excitati

phonons. Very recently, Hess and Buclddrave proposed
the specific-heat contribution from optical phono@$
given by

T
cort= 9nkB<6—
D

V. SUMMARY
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