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The thermoelectric power of triangle planar cuprate§uG,, ;s (6=0.5), of the delafossite-type with
various rare-earth elemeni®: Y, La, Pr, Nd, Sm, and Eu has been studied. The thermoelectric power
coefficient §) was found to be positive for all the samples in the temperature range between 20 and 320 K.
Contrary to the semiconducting behavior in the electrical conductivity, a small val®=é0 uV/K was
observed at room temperature. Except for the cage-oPr, S of each sample decreased nonlinearly down to
around 50 K and then increased rapidly as the temperature decreased, suggesting a phase transition or cross-
over to the insulating phase. For the case of PryOon the other handS increased monotonically with
decreasing temperature. Taking into account both the carrier-diffusion and the phonon-drag process, the non-
linear temperature dependence $fbetween 50 and 320 K was analyzed. In spite of rather s@af
magnitude, which is comparable to that of metals and/or semimetals, the observed thermopower from hopping
contributions may indicate that the sample is still in the nonmetallic qi8®#163-182@8)03213-5

I. INTRODUCTION Brinkman-Rice localization? (ii) lack of magnetic ordering
. . _._in ans=3 diluted Kagomelattice® and (iii) kink-antikink
A grea}t deal of interest has.accumulateq in the trans'_t'orbroken symmetry in the Majumdar model that is usually
metal oxides that possess antiferromagnetic exchange integz|jed the sawtooth lattice mod&br the A-chain model>16
actions containing magnetic frustration due to the geometritn particular, predictions by the sawtooth lattice or the
cal spin configuration.One group of such compounds is the chain model for the spin excitation energy gap of YG4O
delafossiteRCuO, (R=Y, La, Pr, Nd, Sm, and Bu(Refs.  are interesting*'’ Some unusual magnetic behaviors,
2-6) constituted with alternating triangular planes Rf*  which may be attributed to a spin gap as previously done for
octahedra and O-CuO sticks. Recently, Cavat al”®suc-  two-leg ladder compound$;®® have been_observed in
ceeded in oxidizing ordinary delafossite-type compounds to’ CUQ,-+ s and Ca-doped YCuL 5 (with 6~ 3).
yield new oxides with excess oxygen, i.e., YGUQ and According to a band calculatiéhin the absence of strong

) i N electronic correlations, th&CuG,, s compounds could be
LaCuQ,. 5 in which the excess oxyger; &€ 6<3) is pre-  etallic conductors fos near$, if the available oxygen sites
Sumably located at the center of Cu triangles in the triangularn the Cu p|ane are fu||y occupied_ Contrary to this expecta-
Cu plane such that all the copper ions are converted 8 Cu tion, all the available data for electrical resistivity) of
with S=3, and, for>3, mobile carriers are likely induced polycrystalline samplego resistivity data for single crystals
by the excess oxygen. Previously, we synthesizethas been reported show that RCuO,,; are
delafossite-derived oxideRCuO,, 5 with various rare-earth  semiconductor$:2°Since the grain-boundary effect on resis-
elementsR=Y, La, Pr, Nd, Sm, and Eu, containing excesstivity might not be negligible it has not clearly determined
oxygen by thermal oxidatioh.The structure of the oxides whether theRCuO,, s compounds are intrinsically semicon-
was revealed to be of a hexagonal Dolytype for the case ducting or metallic. On the other hand, thermoelectric power
of R=La, Pr, Nd, Sm, and Eu, and orthorhombic for data is considered to provide us with more reliable data on
R=Y.719 The site for the excess oxygen in tRCUO,, 5 the transport properties_, because the temperature gradient is
structure has not been clearly identified yet. However, it i<€SS affected by the grain boundary. However, to our knowl-
believed! that, for 5=2, the hexagonal phase possesses £049€: thermoelectric data for tRRCUO;. ; compounds have
high degree of oxygen order to form a hexagowak v3 not been reported. Lastly, we dlscuss_the carrier scattering
superlattice, while, in the orthorhombic phase of YGWO mechanism n thikCuG;. ; compounds in comparison with
the excess oxygen atoms are incorporated at the center of tFeme theoretical models.
Cu triangles in an ordered manner so that a pair of triangles
may be coupled to form a 120° O-Cu-O exchange path in the
triangular Cu plane. For such a uniqgue O-Cu-O conjunction Polycrystalline samples dRCuO, (R=La, Pr, Nd, Sm,
structure, some theoretical models have been propos@gd: and Ey delafossites were prepared by a solid-state reaction
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technique from reagent grade® and CyO powders. The & q00F N
powder mixtures were pressed into pellets and sintered at 7or(@) 80| 4
900-1075 °C for 12—24 h in a vacuum furnace with molyb- 60
denum heaters. The synthesis of the YG@w@mple was not
straightforward. First, an intermediate reactanjCM,0Og 50- 2 s,
(Ref. 22 was synthesized from reagent-gradg¥ and CuO
powders by firing at 1000 °C for 80 h in air. After grinding,
the calcined ¥YCu,O5 powder was pressed into pellets and
sintered at 1175 °C for 16 h inJ860—100 ppm @ gas mix- o °
ture. In order to produce bulk delafossite-derived oxides with
excess oxygen, i.eRCuG,, 5 quite long for post-annealing
periods (usually ~96 h) were required at 380—450 °C in 10}
flowing O, gas. Powder x-ray diffraction was used to con- .
firm the phase content and to determine the lattice constants 0 50 100 150 200 280 300 380
All the samples except the one with=RY were found to be Temperature (K)

nearly single phase of the aforementioned hexagonal struc-

ture. Single-phase YCuQ; samples could not be obtained (b)
by the preparation method stated above, but the Y-Cu-O bulk .

. . . 600 3
product always contained a secondary phase, i.e., a highel §14°°- .
«

polytype of 3R-YCuO,, ; that was identified for the first ool
time in Refs. 3, 7, and 9. The oxygen content of the ‘ st
samples was analyzed by a thermogravimetric hydrogen re—g 4001
duction (H,/TG) method. Note that, the accuracy of the oxy- 2
gen content determined by this method+§.03 oxygen at- @
oms per formula unit® The preparation, structural data, and
physical properties of the samples are described in detail 200
elsewheré. "W PrCuOses
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The thermoelectric power was measured by a dc method ‘Auu““
in the temperature range between 20 and 320 K. The tem- Hadsaian
perature gradientAT) over the sample was measured using 950 200 250 300 350
two pairs of copper-constantan thermocouples. Electrical Temperature (K)
contacts with low resistance were made using commercial
gold paste(ULVAC Au-001T). The magnitude oA T was FIG. 1. (a) Temperature dependence of thermoelectric power

kept at~0.4 K throughout the measurement. To eliminate(S) of delafossite-derived oxideBCu0,, 5 (R=Y, La, Pr, Nd, Sm,
the effects from the reference lea@u wire9, the absolute and Ey. Note that YCuQ@sg sample included a minor impurity

thermoelectric power of Cu was subtracted from the meaphase of R-polytype. Inset: Svs T curve for LaCuQg, in full
sured thermoelectric voltage. scale.(b) Thermoelectric power of PrCufg, as a function of tem-

perature. The relationship betweBmndT ! is shown in the inset.
Nl RESULTS AND DISCUSSION rather rapidly as compared with other sampleg. 1(b)]. As
Figure 1a) shows the temperature dependence of thermoshown in the inset of Fig.(b), a linear dependence &on
electric power §) for the RCuO,, s (R=Y, La, Pr, Nd, Sm, T ! is observed at temperatures abov@00 K. The tem-
and Ey samples. The sign of was positive for all the perature dependence & of each sample is discussed in
samples in the temperature range between 20 and 320 Knore detail in the following.
Therefore, the dominant charge carriers are most likely In Figs. 2a), 2(b), and Zc), quantities, &/v3), S, andp,
holes. The magnitude o6 was quite small for all the respectively, are plotted fdRCuO,, ; samples in terms of
RCuO,, s samples(<50 uV/K at room temperatude Espe-  the rare-earth ionic radiusg.2* Note that, quantity #/v3)
cially, S for EuCuQ g5 was as low as~10uV/K. Such represents the in-plane Cu-Cu distance, in whicls the
small values ofS are inherent to metallic and/or semimetallic lattice constant of the hexagonal structure. The shrinkage in
conductors. Th& vs T curves for all the other samples but (a/v3) with decreasing g [as shown in Fig. @)] is ex-
PrCuQ 4, are very similar. That is, as temperature decreasepected to result in an increase in the degree of hybridization
the magnitude ofS decreases first nonlinearly, exhibits a between Cu @ and Cu 3l orbital, or between Cu@®and O
minimum at a temperature between 60 and 40 K, and the@p orbital, as in the case of J®O; of the corundum
suddenly starts to increase rapidly to indicate an insulatingtructure?® According to photoabsorption datahe itinerant
nature. For example, in the caseR¥ La, S decreased from holes in both YCuQ, ;s and LaCuQ, s possess more Cud3
43 to 3.5 uV/K, and then increased rapidly up to character, and the overlap between the @ &hd Cu 3
~100uV/K at temperatures below 40 K, as shown in the orbital is small. In our previous work on a series of polycrys-
inset of Fig. 1a). Note that, such minima i6 were observed talline RCuO,, s (R=Y, La, Pr, Nd, Sm, and Busamples,
at 50, 45, 47.5, 52.5, and 60 K for LaCug), NdCuGQ ¢, electrical resistivity(p) was found to exhibit semiconducting
SmCuQ 43 EuCuQgs and YCuQsg respectively. How-  behavior at temperatures below 325 K, in agreement with the
ever, in PrCu@g, S increased with decreasing temperaturedata by Cavaet al.”® for YCuO,, ;s and LaCuQ, ; Note
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Y EuSm NdPr  La has been seen IRCuUO,, 5."~° Now we assume thay and
10 { | { ¢| i | { S, are predominant, so that the toimay be expressed as
(©)
= 8- [o290K =S+ 1
g ol = 150K S=Set S, @
G 4 = - The diffusion thermoelectric powegy is usually de-
a Ll . . scribed by the Mott formufd
— [m]
g' . ; LA 21,2
- OF o _ 7 kgT |d In o(E) ©
2L d— 3 & | dE J
2 3 e dE E-E,
| (b)
- % o 290K © wherekg is Boltzmann’s constang the elementary charge,
X ol L 150K ° and o(E) the energy-dependent conductivity. For metals
S o e possessing a spherical Fermi surface, jreduces to
~ 20 e el
@ B . = (©)
o ¢ F
4.0 @ where Er is the Fermi energy. In conventional metals, the
magnitude ofSy is considered to be in a range from
= 55l [RT. B ~10 uV/K to ~1 uVIK for Eg ranging from 1 to 10 eV°
L 3 AJ_,,,«-A-'K However, the data given in Figs(dl and Xb) are mostly
Q A beyond this range and therefore additional contribution
w® 36 should be taken into account #i We employed a criterion
A RCu02+5 of 40 uV/K, described in Ref. 31, for differentiating the
itinerant state from the localized state at low doping levels
' within the extrinsic conduction regime. Since the magnitude

3.4 ' '
088 092 096 100 104 of S for eachRCuG,, s sample(except forR=Pr) is smaller

r (A) than this criterion value in the temperature range between
~50 and 320 K, we may apply E3) to describe the tem-
perature dependence 8f

The phonon-drag contributio8, from a single band of
carriers with an isotropic scattering is expressed as

FIG. 2. Dependence upon the rare-earth ionic radisf the
rare-earth elemerR of (a) a/v3 (wherea is the lattice constant of
hexagonal unit cel] (b) S (the Seebeck coefficientand(c) p [the
resistivity (as given in Ref. § of compoundsRCuG,, ;.

Tpx

that, as seen in Fig.(®, the magnitude op varies in the Spocﬁ, 4
range of~10Q cm to ~1C° Q cm, being nearly indepen- P e
dent of R. This tendency indicates that the grain-boundaryin which 7, is a mean phonon relaxation time involving all
effect is significant and might dominate the resistivity. Onthe processes, e.g., scattering by other phonons, impurities,
the other hand, the magnitude & at 290 K decreases and defects, and, that associated with scattering by carri-
pseudolinearly asg decreases from 1.032 A for Bato 0.9  ers alone. At high temperatures whéfe 64/4, e.g., 70 K
A for Y3 (Ref. 24 (except in the case dR=Pr), which  for LaCuQ, ¢, the phonon-phonon contributior),, is pre-
may be explained by an orbital hybridization as previouslydominant so thatr,,~7,,, and 7,, is proportional to
mentioned. T~1.27%2|n this temperature range,. is constant and much

Now, we discuss the reason why the thermoelectric powelarger thanr,,. Thus,
(S) exhibits a complicated temperature dependence. Quan-
tity S usually consists of three main contributiong?) ther- 1
mal diffusion of conduction electron§y, (2) phonon drag, Spx T ®)
Sy, and(3) magnon dragS,. As a first approximation, the
three contributions are thought to be independent of each Combining the diffusion terniEq. (3)] with the phonon-
other. It is known that the phonon drag is suppressed by drag term[Eq. (5)], we obtain a simple relation valid for
certain structural disorder but enhanced in a situation whemetals at high temperatures, e §=70 K:32
the carrier density is lo? Furthermore a peak is observed
for |S,| in the temperature range betweég/10 and 64/5
(Ref. 27 where ¢, is the Debye temperature. By means of S=AT+C 3. C)
specific-heat measuremenfsg, was reported at 284 and
375 K for LaCuQ g4 and YCuQ s5 respectively. Therefore, Figure 3a) shows the relationship between quantit&Eand
a phonon-drag peak could be observed at a temperatu(@/100) for eachRCuO,, ;s sample. TheST vs (T/100)?
around=<80 K. Note that, the measuresivs T curves are curves are nearly linear at temperatures abead0 K, but
nonlinear in this temperature regime. The contributigp, deviate from linearity below that temperature. Thus, we need
may be ignored, because no significant magnetic orderingonsider an additional effect to the expression given by Eq.
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T(K) TABLE |. Fitted constant#\, B, andC for Eq. (7) for various
100 150 200 250 300
14 T T T T T ‘C RCUOZ+($.

LaCuO.
NdCuo- M A(uVIKD) B (uVIK¥)  C(10° uV)
SmCu0, g3 3

yCuOsss LaCuQ, 4, —-0.189 6.076 —1.638
uCuO, g5

NdCuQ, ¢, —0.073 3.361 —0.598

. SMCuUQ ¢, 0.078 —-0.170 0.133

an EuCuQ g5 0.122 —1.365 0.482

.I- YCUOZ.58 - 0162 3679 - 0164

(]
anbaBLARL

T LY
WRNavy U] D\:\DDW

oo B e O

ST (1031V)

well represented by E@7) at temperatures above 50 K. Note
that, no reasonable fitting results were obtained when the
10 third term of Eq.(7) was neglected. The fitting constamts
B, andC for Eq. (7) are summarized in Table |. The values
of A andB obtained forRCuO,, s are of the same order of
magnitude as those of moderately doped conducforsir-
thermore, it is found that, for a compound, wigin the
smaller range, i.e., for SmCy@; or EuCuQ g5 the value of
A is larger than the value dB. Therefore, the two com-
pounds are expected to be more metallic than the other ones.
For LaCuQ g4, NACuQ g5, and YCuQ 55 the hopping term
is likely predominant, though no clear reasons for this are
known. The observation from hopping contributions may in-
dicate that the sample is still in the nonmetallic state. In
addition, the behavior of th& vs T curve, i.e.,dSdT, of
YCuO, 55 is different from those of other compounds. Note
0 , | | | that, the sign of constanC corresponds to that of the
50 100 150 200 250 300 350 phonon-drag contribution.

T(K) The magnitude ofs for PrCuQ ¢, exceeds the criterion,

i.e., 40 uV/K. Now, we try to treat this compound as a
FIG. 3. (@ Relationship betweerST and T2 for RCUO,, 5 p-type semiconducto?®

(R=Y, La, Nd, Sm, and Ey based upon Ed6) in the text. TheST
vs T2 curves deviate from linearity at low temperatures. The dashed Kg ( Ec—Ef 5

S (UW/K)

1
o« =+ const, (9)

line is drawn for eye guidancéb) Temperature dependence®bf d totres

RCuG,, s (R=Y, La, Nd, Sm, and Euin the temperature range keT 2
between 50 and 320 K: solid lines represent fitted curves by emwhereE is the bottom level of the conduction band, anid
ploying Eq. (7). The fitting parameteré,, B, andC are given in  approximated by a constant. B — E¢ is independent of,
Table I. Sy increases a3 ! increases. Actually, thg vs T~! curve

) for PrCuQ ¢, is quasilinear at temperatures abov00 K
(6). Based on Kaiser's model for moderately doped[cf. the inset of Fig. (b)].

e

conductors;’ we may modify Eq(6) as Finally, we discuss the observed rapid increaseSiat
1 temperatures below-50 K. For each compound, the value
S=AT+BJT+C =, @ of S tends to fluctuate due to a rather smr?\ll conductivity at
T low temperatures. As we previously reporfad, NdCuG; g3

SMCuQ 4, and EuCuQ@gs an anomalous behavior was ob-

wher_e the first term is the linear Mott term, the second the'Served in the electrical resistivity at the same temperature as
hopping term given by E(8), and the third the phonon-drag that where the minimum appeared in tB@s T curve. Since

contribution with fitting constantA, B, andC, respectively. both the diffusion and hopping terms in E€f) approach
For the contribution from a variable-range-hopping mecha-,, asT— 0. the rapid increase i may not be explained

nism, the contributior, was given b§” unless it has a large contribution from the phonon-drag ef-

2 d In N(E) fect. Recently, Niiez-Regueiro and co—workéF‘sproposed a

_B (TOT)llz[ o \T, (8) guantum phas_e d|é}gram faCuQZ_GG, em_ploym_g_ a random-

€ dE E=E, phase approximation. Two different instabilities are pre-
dicted to occur in the paramagnetic phase when both intra-

in which N(E) is the density of states anfy, is the Mott  atomic Coulomb repulsiond and interatomic Coulomb

variable-range-hopping constant. Sind€E) is considered repulsionV increase. That is, fod=W (W: the band

to be independent of, S; due to hopping conduction is width), a magnetic instability takes place and a spin-density

proportional to\T, as taken into account in the second termwave (SDW) is excited. On the other hand, increasivg

of Eq. (7). The fitted curves based on E() are given in  possibly drives a charge-density way€DW). Since the

Fig. 3(b) (solid lines. It is seen that experimental data can beRCuG,, s phase is considered to be close to a magnetic in-

1
72



7954 KAZUYUKI ISAWA et al. 57

stability state}? the rapid increase ii$ below ~50 K may The Svs T curve for each sampléexcept for the case of
stem from a phase transition to a SDW or CDW state. ActuR=P? at temperatures above50 K was successfully fitted
ally, the specific-heat data for LaCug) measured by by an expression which c.on5|sted. of .the diffusion ther-
Ramirez et al?® represented a mass enhancement, i.eMopower, including a hopping contribution, for moderately
m* /mo~5. Furthermore, the possibility of a Brinkman-Rice doped conductors and a phonon-drag effect. The observation
transition driven by a moderate value \#f has been pro- frc_)m_ hopping contr|b_ut|ons may indicate that the sample is
posed forRCUO, ¢ by means of a slave-boson technidge. Still in the nonmetallic state. On the other hand, PrggO
However, the experimental value for the Wilson rétimas ~ Was concluded to be p-type semiconductor. The rapid in-
nearly half of the theoretical vali,indicating an incom- crease ofS below ~50 K was also discussed. It was sus-

pleteness of the story aforementioned. pected to be caused by the following possible mecha-
nisms: (i) an extremely large phonon-drag effe¢i,) a
V. SUMMARY phase transition(e.g., SDW or CDW, and/or (iii) a

Brinkman-Rice localization.

We measured temperature dependences aff various
delafossite-derived oxidefRCuG,, s with a rare-earth ele-
mentR=Y, La, Pr, Nd, Sm, and Eu. The dominant charge
carriers were considered to be holes inRQGuO,, s because The authors are grateful to Professor Y. Koike, Professor
S was positive in the temperature range between 20 and 32Q. Sugiyama, and Dr. T. Nakamura of Tohoku University
K. In spite of the rather high electrical resistivi(gs previ- and Dr. M. Karppinen of Helsinki University of Technology
ously reported for polycrystallin®RCuO,, ;s sampleg the  for their helpful discussions. We also thank NIST’s group for
magnitude ofS was in a range of 10 to 5@V/K at room  sending us a private communicatigRef. 11 prior to pub-
temperature, showing a metallic or semimetallic behaviorlication.
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