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Thermoelectric properties of a clathrate compound Ba sCuU16P30
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We report the electrical resistivityp), thermoelectric power), thermal conductivity(x), and
specific heatC) for the clathrate compound B@u;¢P5g, in which polyhedral cages are composed

of Cu and P atoms. Being in contrast to tiiype conduction in most of clathrate compounds, a
p-type metallic conduction in this compound is indicated by the posHByvehich monotonically
increases up to 6pV/K at 460 K. The analysis oE(T) gives indirect evidence for low-frequency
local vibrations of Ba atoms with two Einstein temperatures 120 and 90 K, respectively. These local
vibrations lead to a low lattice thermal conductivity of 2.9 W/K m at 300 K. The combination of the
metallic resistivity, large thermoelectric power, and low thermal conductivity, makes this compound
be a prospective thermoelectric material. 2003 American Institute of Physics.
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The phonon-glass and electron-crystRIGEQ concept three kinds of tetrakaidecahedrdlarge cages which are
proposed by Slackhas stimulated much interest in open formed by Cu and P atoms. The Ba atoms in the large cages
structure compounds to make a thermoelectric material thdtave relatively large values of atomic displacement param-
could conduct heat like glasses and conduct electricity likeeter (ADP). A low thermal conductivity is expected if the
ordinary crystalline solids. The low-frequency local vibra- ADP values result from the rattling and/or tunneling of Ba
tions of guest atoms, so-called rattling, result in reduction ofatoms. Although there are many reports on Si-, Ge-, and
thermal conductivityx. Recently, in the spirit of the PGEC Sn-clathrate compounds encapsulating alkaline-metal ele-
concept, Nolasetal? reported a glass-likex(T) for  ments in the literature, it is the first clathrate compound with-
SryGaygGeyo. This compound has the cubic type | ice clath- out group 14 elements. In this letter, we report the transport
rate structure, in which the Sr atoms are encapsulated in twand thermal properties of B@&u¢P3,. The experimental re-
kinds of polyhedral cage, dodecahedron, and tetrakaidecahgults indicate that it is a rare example pftype clathrate
dron, formed by Ga and Ge atoms in disordéBince then, compound with metallic resistivity, large thermoelectric
many works have been done to understand the mechanism péwerS, and low thermal conductivity, which are the ingre-
the glass-likex(T), and to explore the potential thermoelec- dients for thermoelectric materials.
tric application of the clathrate compourtd€.It was pointed The sample of BgCu,¢P3o was synthesized by a similar
out that additionally to the rattling of the Sr atoms, tunnelingmethod described in Ref. 8. Powder x-ray diffraction analy-
of Sr atoms amonyg its four spilt sites plays an essential rol&is revealed that the sample crystallizes in the orthorhombic
for the glass-like temperature dependencexdf’ For the  structure with lattice constants,=14.133,b=10.090, and
isostructural compounds g&a,Ge;, (X=Ba, Sr, and Ey  €=28.021 A, which are in good agreement with the ones
the tunneling of the guest atoms gets more obvious witeported previously. The electron-probe microanalysis
decreasing of their size (BaSr>Eu).” In order to under- (EPMA) of several samples gave the same composition,
stand the relations among the glass-lik€T), rattling and ~ 14.8% Ba, 29.5% Cu, and 55.7% P, which is in good agree-
tunneling of the guest atoms, and atomic disorder of thénent with the ideal composition of a stoichiometric com-
cages, it is necessary to study systematically the clathraggound.
compounds with careful selection of guest and host atoms, Electrical resistivity, measured by a standard four-probe
with and without atomic disorder. Furthermore, up-to-datemethod from 1.3 to 300 K, is shown in Fig. 1. In contrast to
n-type conductivity is most often obtained for the clathratethe semiconduction op(T) reported in Ref. 8, a metallic
compounds. In practical thermoelectric application, thermoPehavior is observed. From our EPMA results, the composi-
elements need two legs made of and p-type materials, tion of the present sample is well described by®a,sPs0,
respectively. It is thus urgent to search foitype clathrate N0t by BaCuis 7305 suggested in Ref. 8. The metallic be-
compounds for practical applications. havior may result from the good stoichiometry of our

BagClysPso Was first synthesized and characterized bySample. _ o _

Diinner and Mewié. They also reported a semiconducting Provided that static disorder can be neg_lected in a com-
behavior with an energy gap &,=0.7 eV in the electrical Pound, the Debye temperatué, can be estimatédusing
resistivity p(T). It crystallizes in an orthorhombic structure the room-temperature ADPs:

(space groupPbcn), a superstructure of the type | cubic av

clathrate structure without atomic disorder. The Ba atoms are Op(K)= 208[Ueq(’&2) Xma ], @)

encapsulated in two kinds of dodecahed¢small cagesand v

whereUf;‘q is the weighted average of room-temperature val-
ues ofU ¢ for each atom type in the compound given in units
dElectronic mail: takaba@hiroshima-u.ac.jp of A? (Ueqis defined as one-third of the trace of orthogonal-
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FIG. 1. Electrical resistivityp and thermoelectric powes of BagCugP5o as
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a function of temperatur&. The inset shows low-temperature dataSof
FIG. 2. Thermal conductivitik of BagCu,¢P5q as a function of temperature

. . T
ized U;; tensoy, andm,, is the average mass of an atom in
the compound given in amu. Using the room-temperature
ADP values for BgCu,¢P5o given in Ref. 8, we calculated indicating that phonons carry the heat flow mainly. The
Op to be 311 K. With this value, the experimental data of x,(T) exhibits a pronounced maximum around 25 K, being
p(T) can be described by the Bloch—@risen expression typical of normal crystalline solids. Such a behaviowi(T)
very well. is at variance with the glass-like(T) due to tunneling state

Thermoelectric power was measured from 5 to 300 Kof Ba atoms. However, the room-temperature value is only
with a slowly varyingT-gradient technique by the use of a 2.9 W/Km. The reduced value of, and its temperature
thermocouple of chromel/At0.07 at. % Fe. From 80 to 460 dependence are similar to those ofgBayGe;y (Ref. 13.
K, the measurement & was made by the use of the MMR As in BgGaGeyy, the low thermal conductivity of
Seebeck effect measurement system witgradient of 2-5 BagCu;P3o can be attributed to the scattering of acoustic
K. As shown in Fig. 1, the positiv& increases monotoni- phonons by the low-frequency local vibrations of Ba atoms
cally up to 65uV/K with increasing temperature from 5 to encapsulated in the polyhedra.
460 K. This indicates @-type conduction in BgCu;gPsq- Because measurements of specific-i@adrovide infor-
p-type conductivity in the clathrate compound is only ob-mation on the low-frequency local vibrations of guest atoms
tained by substituting Sb for Ge in Baa g(GaSh)Ge;p_ oy in open structure compound%,;1*we measured the specific
(Ref. 10. Thus, BgCu¢P5o could be the firstp-type sto-  heat of BgCugPsp from 2 to 300 K using 27relaxation
ichiometric clathrate compound. The measurements of thenethod with a commercial physical property measurement
Hall coefficient need to confirm the carrier type and to getsystem(Quantum Desigh Figure 3 shows the experimental
the information of carrier concentration. Here, we estimataesult together with several contributions obtained by the
the carrier concentration by using tB€T) data at low tem- analysis described later. At temperatures below 5CKT)
peratures. As shown by the solid line in the inset of Fig. 1,can be described by C(T)=yT+B8T3 with vy
the data below 40 K can be described $§T) =aT, with =26.3mJ/mol K and =2.1 mJ/mol K. This value of3
a=0.23uV/K?. According to the free electron model, the leads to® =371 K.
low-temperature thermoelectric power is givertby

zmwzk% T T T T T T
S(T)_aT_ 3eﬁ2(3ﬂ_2n)2 T! (2)

total

1200
wherem ande are the mass and charge of free car(psi- (

tive for the present cagerespectively,n is the density of
carrier,kg and# have their usual meaning. The value eof
given above leads to a carrier concentratior= 1.6
% 107% cm™~3, which is comparable with the electron concen-
tration in BaGaygGeyy, 5.2x10°% cm 3 at 2 K12

Figure 2 displays the thermal conductivity(T) of
BagCuy P30 measured with a steady-state technique from 5 to
300 K. The increase of(T) above about 200 K is possibly
due to radiation loss, which was not corrected in our mea-
surements. Assuming the validity of Wiedemann—Franz law,
charged carrier contribution to the thermal conductivity
ko(T) was estimated by the use of the datg¢T) in Fig. 1.
The k¢(T) and phonon contributione,,(T), obtained by
subtractingx(T) from the total thermal conductivity(T),
are plotted in Fig. 2. The,(T) is much larger tham(T),
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FIG. 3. Specific-hea of BagCu,¢P5q as a function of temperatufie Cygy
is the sum of one Debye ter@y, , two Einstein term&€g; andCg, , and the
electronic termCy.
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As first approximation, we take the guest Ba atof@s BagCuPsq. It is found that this compound istype clath-
atoms per formula of BfCu,¢P50) as Einstein oscillators and rate compound with a thermal conductivity of 3.7 W/K'm
the framework(16 Cu and 30 P atoms per formulas a and thermoelectric power of 5@V/K at 300 K, leading to
Debye solid. If we use the ADPs of the framework atomsthe dimensionless figure of me#fr=0.02. In general, com-
only in the Eq.(1), then the Debye temperature of 375 K is pounds formed with heavier/larger framework atoms possess
obtained. It is very close to the value yielded above from thdower «,,. For example, at room temperaturg, of
low-temperature data dE(T). Thus, we adop® =371 K  CeFgSh,, is one-tenth of that of CegB;, (Ref. 15. Con-
to calculate the Debye contributid®y(T), and describe the sidering the amenability of framework of the clathrate
lattice specific heat witiC, (T) =8Cg(T) +46C(T), where  compounds®*’a much reduced,, could be obtained if the
Cg(T) is the Einstein contribution. The specific heat wasframework of BgCu;gP5; could be modified with As and/or
fitted to the sumC,,., Of several contributions; one Debye Sb atoms. It is worthwhile to investigate the semiconducting
term Cp, two Einstein termsCg, and Cg,, and the elec- variant of this compound for good thermoelectric properties.
tronic termyT. If we neglect both the difference between the )
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